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Chapter 1

Intr oduction

1 Tasksof WG1

Theorigin of flavour structuresandCPviolation remainsasoneof thebig questionin particlephysics.
Within theStandardModel (SM) the relatedphenomenaaresucessfullyparametrizedwith thehelp of
theCKM matrix in thequarksectorandthePMNSmatrix in theleptonsector. In bothsectorsintensive
studiesof flavour aspectshave beencarriedout and arestill going on as discussedin the reportsby
WG2andWG3. Following theunificationideaorginally proposedby Einsteinit is stronglybelievedthat
eventuallybothsectorscanbeexplainedby a commonunderlyingtheoryof flavour. Althoughcurrent
SM extensionrarely includea theoryof flavour, many of themtackletheflavour questionwith thehelp
of a specialansatzleadingto interestingpredictionsfor futurecollider experimentsastheLHC.

This chapterof the ”Flavour in the eraof LHC” reportgivesa comprehensive overview of the
theoreticalandexperimentalstatuson: (i) How flavour physicscanbe explored in the productionof
heavy particleslike the top quark or new statespredictedin extensionsof the SM. (ii) How flavour
aspectsimpactthediscovery andthestudyof thepropertiesof thesenew states.Wediscussin detailthe
physicsof thetop quark,supersymmetricmodels,Little Higgsmodels,extra dimensions,grandunified
modelsandmodelsexplainingneutrinodata.

Section2 discussesflavouraspectsrelatedto thetopquarkwhich is expectedto playanimportant
dueto its heavy mass.TheLHC will bea top quarkfactoryallowing to studyseveralof its properties
in greatdetail. The

�����
coupling is an importantquantitywhich in the SM is directly relatedto the

CKM element�L��� . In SM extensionsnew couplingscanbepresentedwhichcanbestudiedwith thehelp
of the angulardistribution of the top decayproductsand/orin singletop production. In extensionsof
theSM alsosizableflavour changingneutralcurrentsdecayscanbe induced,suchas

� 5dceG ,
� 5fchg

or
� 5 chi . The SM expectionsfor the correspondingbranchingratiosareof the order <Aj " � �

for the
electroweakdecaysandorder <Aj " ���

for the strongone. In extensionslike two-Higgsdoubletmodels,
supersymmetryor additionalexotic quarksthey canbeup to order <Aj " �

. Theanticipatedsensitivity of
ATLAS andCMS for thesebranchingratio is of order <Aj " �

. New physicscontribution will alsoaffect
singleandpair productionof top quarksat LHC eithervia loop effectsor dueto resonanceswhich is
discussedin thethird partof this section.

In section3 we considerflavour aspectsof supersymmetricmodels.This classof modelspredict
partnersfor the SM particleswhich differ in spin by < (A@ . In a supersymmetricworld flavour would
be describedby the usualYukawa couplings. However, we know that supersymmetry(SUSY) must
bebroken which is mostcommonlyparametrizedin termsof soft SUSYbreakingterms. After a brief
overview of theadditionalflavour structuresin thesoft SUSYbreakingsectorwe first discusstheeffect
of leptonflavour violation in modelswith conserved R-parity. They cansignificantlymodify di-lepton
spectra,whichplayanimportantrole in thedeterminationof theSUSYparameters,despitethestringent
constraintsfrom low energy datasuchas .=5 ,�g . We alsodiscussthepossibilitiesto discover super-
symmetryusingthe , -lk . 0 + missingenergy signature.Leptonflavourviolationplaysalsoanimportant
role in long livedstauscenarioswith thegravitino aslightestsupersymmetricparticle(LSP).In models
with brokenR-parityneutrinophysicspredictscertainratiosof branchingratiosof theLSPin termsof
neutrinomixing angle(in caseof a gravitino LSP the predictionwill be for the next to lighestSUSY
particle). HereLHC will be importantto establishseveral consistency checksof the model. Flavour
aspectsaffect thesquarksectorin severalways. Firstly oneexpectsthat the lightestsquarkwill be the
lighteststopdueto effectsof thelargetopYukawacoupling.Variousaspectsof its propertiesarestudied
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herein differentscenarios.Secondlyit leadsto flavourviolatingsquarkproductionandflavourviolating
decaysof squarksandgluinosdespitethestringentconstraintsfrom low energy datasuchas

� 5 7 g .

Also otherextensionsof the SM, suchas little Higgs modelsor extra dimensions,predictnew
flavourphenomenawhicharepresentedin section4. Westartwith thephenomologyof additionalquarks
andleptonswhich arepredictede.g.in grandunifiedmodels,little Higgsmodelsor modelswith extra
dimensions.We studyin detail their productionanddecaysat LHC. It turnsout that particlesup to a
massof 2 TeV canbe discoveredandstudied.Besidediscovery aspectswe discussthepossibilitiesto
measuretheir mixing with SM fermionsor their potentialto usethemasextra sourcefor Higgsbosons
whichareamongtheirdecayproducts.Thesenew fermionscancomealongwith additionalheavy gauge
bosonsanddependingonthemasshierachyareeitherdecayproductsor sources.Wealsodiscussflavour
aspectsfor thediscovery of thenew gaugebosons,in particularfor thecasesof anextra G1H or anextra� H . SeveralSM extensionspredictalsonew scalarparticles,e.g.in two Higgsdoublettmodels,Little
Higgsmodelsor modelsexplainingneutrinodatasuchastheBabu-Zeemodel.Thelastclassalsogives
predictionsfor thedecaysof thedoublechargedHiggsbosonin termsof neutrinomixing angles.

Last but not leastcomputationaltools play an importantrole in the studyof flavour aspectsat
LHC. In section5 we give anoverview of thepublic availabletools rangingfrom spectrumcalculaters
overdecaypackagesto MonteCarloprograms.In additionwebriefly discussthelatestversionof SUSY
LesHouchesAccord which servesasan interfacebetweenvariousprogramsandnow includesflavour
aspects.

2 The ATLAS and CMS experiments

TheCERNLargeHadronCollider (LHC) is currentlybeinginstalledin the27-kmring previously used
for theLEP , � , " collider. Thismachinewill pushbackthehighenergy frontierby oneorderof magni-
tude,providing mnm collisionsat acenter-of-massenergy of 9 7o:=<?> TeV.

Four mainexperimentswill benefitfrom this accelerator:two general-purposedetectors,ATLAS
(Fig. 1.1)andCMS (Fig. 1.2),designedto explorethephysicsat theTeV scale;oneexperiment,LHCb,
dedicatedto the studyof 8 -hadronsandCP violation; andoneexperiment,ALICE, which will study
heavy ion collisions. Hereonly theATLAS andCMS experimentsandtheir physicsprogramsaredis-
cussedin somedetail.

Themaingoalof theseexperimentsis theverificationof theHiggsmechanismfor theelectroweak
symmetrybreakingandthestudyof the“new” (i.e. non-StandardModel) physicswhich is expectedto
manifestitself at theTeV scaleto solve thehierarchyproblem.Thedesignluminosityof <Aj � � cm" �

s" �
of thenew acceleratorwill alsoallow to collectvery largesamplesof B hadrons,W andZ gaugebosons
andtopquarks,allowing stringenttestsof theStandardModelpredictions.

Sincethisprogrammeimpliesthesensitivity to averybroadrangeof signaturesandsinceit is not
known how new physicsmay manifestitself, the detectorshave beendesignedto be ableto detectas
many particlesandsignaturesaspossible,with thebestpossibleprecision.

In both experimentsthe instrumentationis placedaroundthe interactionpoint over the whole
solid angle,exceptfor theLHC beampipe. As theparticlesleave theinteractionpoint, they traversethe
InnerTracker, whichreconstructsthetrajectoriesof chargedparticles,theElectromagneticandHadronic
calorimeterswhichabsorbeandmeasurethetotalenergy of all particlesexceptneutrinosandmuons,and
theMuon Spectrometerwhich is usedto identify andmeasurethemomentumof muons.Thepresence
of neutrinos(andotherhypotheticweakly interactingparticles)is revealedasa non-zerovectorsumof
theparticlemomentain theplanetransverseto thebeamaxis.

Both the Inner Tracker andthe Muon spectrometerneedto be placedinsidea magneticfield in
orderto measurethemomentaof chargedparticlesusingtheradiusof curvatureof their trajectories.The
two experimentsarevery different in the layout they have chosenfor the magnetsystem. In ATLAS,
a solenoidprovide the magneticfield for the Inner Tracker, while a systemof air-core toroidsoutside
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Fig. 1.1: An explodedview of theATLAS detector.

the calorimetersprovide the field for the Muon Spectrometer. In CMS, the magneticfield is provided
by a singlevery large solenoidwhich containsboth the Inner Tracker andthe calorimeters;the muon
chambersareembeddedin theiron of thesolenoidreturnyoke. Themagnetlayoutdeterminesthesize,
theweight(ATLAS is largerbut lighter) andeventhenameof thetwo experiments.

The CMS Inner Detectorconsistsof Silicon Pixel andStrip detectors,placedin a 4 T magnetic
field. TheATLAS InnerTracker is composedby a smallernumberof Silicon Pixel andStrip detectors
anda TransitionRadiationdetector(TRT) at larger radii, insidea 2 T magneticfield. Thanksmainly
to the larger magneticfield, the CMS tracker hasa bettermomentumresolution,but the ATLAS TRT
contributesto theelectron/pionidentificationcapabilitiesof thedetector.

The CMS electromagneticcalorimeteris composedby PbWO� with excellent intrinsic energy
resolution( pPq�&sr�(A&utv@;CwDAxy( &zq�{|,��}r ). TheATLAS electromagneticcalorimeteris a lead/liquid
argonsamplingcalorimeter. While theenergy resolutionis worse( pPq�&sr�(A&~t <Aj xy( &sq�{|,���r ), thanks
to averyfinelateralandlongitudinalsegmentationtheATLAS calorimeterprovidesmorerobustparticle
identificationcapabilitiesthantheCMS calorimeter.

In both detectorsthe hadroniccalorimetry is provided by samplingdetectorswith scintillator
or liquid argon as the active medium. The ATLAS calorimeterhasa betterenergy resolutionfor jets
( pPq�&sr�(A&�t%D j x�( &sq�{s,���r!� jA��j B ) thanCMS ( pPq�&zr�(A&�t <AjAj xy( &sq�{|,���r!� jA��j D ) becauseit is
thicker andhasafiner samplingfrequency.

Thechamberstationsof theCMS muonspectrometerareembeddedinto theiron of thesolenoid
returnyoke, while thoseof ATLAS arein air. Becauseof multiple scatteringin thespectrometer, and
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Fig. 1.2: An explodedview of theCMSdetector.

the larger field in the Inner Tracker the CMS muon reconstructionrelies on the combinationof the
informationsfrom thetwo systems;theATLAS muonspectrometercaninsteadreconstructthemuonsin
standalonemode,thoughcombinationwith theInnerdetectorimprovesthemomentumresolutionat low
momenta.Themomentumresolutionfor 1 TeV muonsis about7%for ATLAS and5%for CMS.

Muonscanbeunambiguouslyidentifiedasthey aretheonly particleswhich arecapableto reach
thedetectorsoutsidethecalorimeters.Both detectorshave alsoanexcellentcapabilityto identify elec-
tronsthatareisolated(that is, they areoutsidehadronicjets). For example,ATLAS expectsanelectron
identificationefficiency of about70%with a probability to misidentifya jet asanelectronof theorder
of <Aj " �

[1]. Thetauidentificationrelieson thehadronicdecaymodes,sinceleptonicallydecayingtaus
cannotbeseparatedfrom electronsandmuons.Thejetsproducedby hadronicallydecayingtausaresep-
aratedfrom thoseproducedby quarkandgluonssincethey producenarrower jetswith asmallernumber
of tracks.Thecapabilityof theATLAS detectorto separate� -jetsfrom QCD jetsis shown in Fig. 1.3.

Theidentificationof theflavour of a jet producedby a quarkis moredifficult andit is practically
limited to the identificationof

�
jets,which aretaggedby thevertex detectorsusingthe relatively long

lifetime of 8 mesons;the presenceof soft electronandmuoninsidea jet is alsousedto improve the�
-taggingperformances.In Fig. 1.4 the probability of mis-tagginga light jet asa

�
jet is plottedasa

functionof the
�
-taggingefficiency for theCMSdetector[1]; comparableperformancesareexpectedfor

ATLAS.
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Fig. 1.3: TheQCDjet rejection(inverseof mistaggingefficiency) asa functionof � taggingefficiency is reported
for theATLAS detector. Thefour full curvescorrespondto simulationwithoutelectronicnoisein thecalorimeters
anddifferenttransversemomentumranges,increasingfrom the lowestto the highestcurve. The dashedcurves
correspondto simulationwith electronicnoise[2].

Fig. 1.4: Thenon-� jet mistaggingefficiency for a fixed � -taggingefficiency of 0.5 asa functionof jet transverse
momentumfor � -jets (triangles),�P��� jets (circles)andgluon jets (stars)obtainedfor the CMS detectorwith an
eventsampleof QCD jetsandthesecondaryvertex taggingalgorithm[3].
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Chapter 2

Flavour phenomenain top quark physics

G. BurdmanandN. Castro

1 Intr oduction

Thetopquarkis theheaviestandleaststudiedquarkof theStandardModel(SM).Althoughits properties
have alreadybeeninvestigatedat colliders,theavailablecentreof massenergy andthecollectedlumi-
nosityhave not yet allowedfor precisemeasurements,with exceptionof its mass.Thedeterminationof
otherfundamentalpropertiessuchasits couplingsrequireslargertopsamples,whichwill beavailableat
theLHC. Additionally, dueto its largemass,closeto theelectroweakscale,thetop quarkis believedto
offer auniquewindow to flavour phenomenabeyondtheSM.

Within the SM, the
�����

vertex is purely left-handed,and its size is given by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element�L��� , relatedto the top-bottomchargedcurrent. In a more
generalway, additionalanomalouscouplingssuchasright-handedvectorialcouplingsandleft andright-
handedtensorialcouplingscanalsobeconsidered.Thestudyof theangulardistribution of thetopdecay
productsat theLHC will allow precisionmeasurementsof thestructureof the

�����
vertex, providing an

importantprobefor flavourphysicsbeyondtheSM.

In theSM thereareno flavour changingneutralcurrent(FCNC)processesat thetreelevel andat
one-loopthey canbeinducedby charged-currentinteractions,but they aresuppressedby theGlashow-
Iliopoulos-Maiani(GIM) mechanism[4]. Thesecontributionslimit theFCNCdecaybranchingratiosto
extremelysmallvaluesin theSM. However, thereareextensionsof theSM which predictthepresence
of FCNCcontributionsalreadyat thetreelevel andsignificantlyenhancethetopFCNCdecaybranching
ratios[5–16]. Also loop-inducedFCNCscouldbegreatlyenhancedin somescenariosbeyondtheSM.
In all thesecases,suchprocessesmight beobservedat theLHC.

In its first low luminosityphase(10 fb " �
peryearandperexperiment),theLHC will producesev-

eralmillion top quarks,mainly in pairsthroughgluonfusion i�i�5 � ��
andquark-antiquarkannihilation

c �c�5 ����
, with atotalcrosssectionof t��ABAB pb[17]. Singletopproduction[18–22] will alsooccur, dom-

inatedby the
�
-channelprocess,

� cz5 � c H , with a total expectedcrosssectionof t~BA@ j pb [21,22]. SM
extensions,suchasSUSY, maycontributewith additionaltop quarkproductionprocesses.Thetheoret-
ical andexperimentalknowledgeof singletop and

� ��
productionprocesseswill resultin importanttests

for physicsbeyondtheSM. Moreover, besidesthedirectdetectionof new states(suchasSUSYparticles
andHiggsbosons),new physicscanalsobeprobedvia thevirtual effectsof theadditionalparticlesin
precisionobservables.Finally, in additionto thepotentialdeviationsof thetop couplings,it is possible
thatthetopquarkcouplesstronglyto somesectorof thenew physicsat theTeV scale,in suchawaythat
theproductionof suchstatesmight result in new top quarksignals.This possibility typically involves
modificationsof the top productioncrosssections,either for

� ��
or single top, throughthe appearance

of resonancesor just excessesin the numberof observed events. In someof thesecases,the signal is
directlyassociatedwith a theoryof flavour, or at leastof theorigin of thetopmass.

In thischapterdifferentflavourphenomenaassociatedto topquarkphysicsarepresented,starting
with anomalouschargedandneutraltop couplings.In section2 the

�����
vertex structureandthemea-

surementof ����� arediscussed.Studiesrelatedto top quarkFCNCprocessesarepresentedin section3.
Finally, possiblecontributionsof new physicsto topproductionarediscussedin section4, includingthe
effectsof anomalouscouplingsin

� ��
andsingletop production,aswell asthe possibleobservation of

resonanceswhichstronglycoupleto thetopquark.

6



2 ���L� vertex

In extensionsof theSM,departuresfrom theSM expectation������� jA���A�A� arepossible[23,24], aswell as
new radiative contributionsto the

�����
vertex [25,26]. Thesedeviationsmight beobservedin top decay

processesat theLHC andcanbeparametrizedwith theeffective operatorformalismby consideringthe
mostgeneral

�����
vertex (whichcontainstermsup to dimensionfive)accordingto

  : C i
9 @

� � g¢¡£q��L¤¦¥/¤§$¨� E ¥ E r �©� "¡ C i
9 @

� �¦ª p ¡�« c «¬+ q iA¤®¥¢¤§$¯i E ¥ E r �°� "¡ $²± ��³�� k (2.1)

with c : m � C´mL� (theconventionsof Ref. [27] arefollowedwith slight simplificationsin thenotation).
If µs¥ is conservedin thedecay, thecouplingscanbetakento bereal.1

2.1 ¶¸·e¹ anomalouscouplings

Within theSM, ��¤�º¸�L���y� < and � E
, iA¤ , i E

vanishat the treelevel, while nonzerovaluesaregen-
eratedat one loop level [28]. Additional contributions to � E

, ie¤ , i E
arepossiblein SM extensions,

withoutspoilingtheagreementwith low-energy measurements.Themeasurementof 8}»¼q � 5 7 glr is an
importantconstraintto theallowedvaluesof the

�����
anomalouscouplings.

At theLHC, thetop productionanddecayprocesseswill allow to probein detailthe
�����

vertex.
Toppair productiontakesplacethroughtheQCD interactionswithout involving a

�����
coupling.Addi-

tionally, it is likely thatthetopquarkalmostexclusively decaysin thechannel
� 5 � � �

. Therefore,its
crosssectionfor productionanddecayi�i k c �c½5 ���� 5 � � ��� " � �

is largely insensitive to thesizeand
structureof the

�����
vertex. However, theangulardistributionsof (anti)topdecayproductsgive infor-

mationaboutits structure,andcanthenbeusedto tracenon-standardcouplings.Angulardistributions
relatingtopandantitopdecayproductsprobenotonly the

�����
interactionsbut alsothespincorrelations

amongthetwo quarksproduced,andthusmaybeinfluencedby new productionmechanismsaswell.

2.1.1 Constraints from ¾ physics

Raredecaysof the 8 -mesonsaswell asthe 8 �8 mixing provide importantconstraintson the anoma-
lous

�����
couplingsbecausethey receive large contributions from loops involving the top quarkand

the
�

boson. In fact, it is the large massof the top quarkthat protectsthe correspondingFCNC am-
plitudesagainstGIM cancellation.Thus,order-unity valuesof �L¤¯C¿�L��� , � E

, iA¤ and i E
generically

causeÀ�q <AjAj xyr effectsin theFCNCobservables.For � E
andi ¤ , anadditionalenhancement[29,30] byÁ � ( Á � occursin thecaseof

�8~56Â�Ã�g , becausetheSM chiralsuppressionfactorÁ ��( ¬�
getsreplaced

by theorder-unity factorÁ � ( ¬�
.

Deriving specificboundson theanomalous
�����

couplingsfrom loop processesrequirestreating
themaspartsof certaingauge-invariantinteractions.Here,weshallconsiderthefollowing dimension-six
operators[31]

ÄoÅnÆ : ��ÇE g ¡ �ÇE ÈPÉ ªhÊ ¡
È $¯± ��³�� k

Ä ÅnË : �c�¤Ì�ÎÍ�g¢¡Ïc�¤ È É �ÎÍ ªhÊ ¡
È C �c�¤Ðg¢¡/c�¤ È É ªhÊ ¡

È $¯± ��³�� k
Ä£Ñ Æ : �c�¤®pÌ¡�«��ÎÍ �ÇE È^� Í¡�« $¯± ��³�� kÄ Ñ Ë : �c H¤ p ¡�« � Í �ÒEIÈ^� Í¡�« $¯± ��³�� k (2.2)

where cÓ¤ : q � ¤ k ����� � ¤½$¨� � Ã 7 ¤�$¨����Ô�Õ�¤¦r , c H¤ : q�� ���� � ¤�$¨� �Ö ��× ¤½$�� �Ø �ÚÙ ¤ k � ¤!r , and
È

denotesthe
Higgsdoublet.Working in termsof gauge-invariantoperatorsrenderstheloop resultsmeaningful,at the
expenseof takinginto accountall theinteractionsthatoriginatefrom Eq.(2.2),notonly the

�����
ones.

1A generalÛ½Ü�Ý vertex alsocontainstermsproportionalto ÞàßeáÓâ1ß�ã#ä#å , æçå andè¢åhéhÞàßçáhâêß�ã#ä é SinceÝ quarksareonshell,theÛ bosonsdecayto light particles(whosemassescanbeneglected)andthetopquarkscanbeapproximatelyassumedon-shell,
theseextra operatorscanberewritten in termsof theonesin Eq.(2.1)usingGordonidentities.
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As an example,let us considerthe
� 5 7 g transition. Sinceit involves low momentaonly, one

usuallytreatsit in theframework of aneffective theorythatarisesfrom thefull electroweakmodel(SM
or its extension)after decouplingthe top quarkandtheheavy bosons.The leadingcontribution to the
considereddecayoriginatesfrom theoperator

Ä 
 : ,<Aë?ì � Á � �7 ¤®p ¡�« �ÇE1í
¡�« � (2.3)

TheSM valueof its Wilson coefficient µ 
 getsmodifiedwhentheanomalous
�����

couplingsareintro-
duced.Moreover, thepresenceof

Ä 
 alsoabove thedecouplingscale.  becomesa necessity, because
counter-termsinvolving

Ä 
 renormalizetheUV-divergent
� 5 7 g diagramswith

Ä Ñ Ë
and

Ä Ñ Æ
vertices.

Thus,we areled to considerthe
�8%5îÂ�Ã�g branchingratio asa functionof not only �L¤ , � E

, ie¤ and i E
but also µzïñð�ò
 , i.e. the“primordial” valueof µ 
 beforedecoupling.Following theapproachof Ref. [32],
onefinds

8}»�q�8~5óÂ Ã glrêô <Aj � : q�B ��< D;õ jA� @ABAr!C¨� ��< �öq�� ¤ C¨������rP$ > @A÷ö� E
C ÷ < @¢iA¤U$ <A���A< i E Cø� ��j Böµzïùð�ò
 q�.  r
$ À � ¤ C¨����� k � E k i ¤¦k i E k µ ïñð�ò


�
k (2.4)

for &êú�û <A��ë GeV and.  :¿<AëAj GeV in the ü�ý scheme.2 As anticipated,thecoefficientsat ��¤ andi E
areof thesameorderasthefirst (SM) term,while thecoefficientsat � E

andie¤ getadditionallyenhanced.
Thecoefficientsat iA¤ and i E

dependon .  alreadyat the leadingorder, andarewell-approximatedby
C|BA÷ � C > �ADöþ ÿ;.  ( ¬ 

and C jA� �A÷£$ >Î��j?> þ ÿ;.  ( ¬ 
, respectively. This .  -dependenceandtheoneof

µzïùð�ò
 q�.  r compensateeachotherin Eq.(2.4).

Takinginto accountthecurrentworld average[34]:

8}»¼q �8~56Â�Ã�glr : B � DADoõ jA� @ > � �� ��
" �� �� õ jA��j B ô <Aj " � k (2.5)

a thin layerin thefive-dimensionalspaceq��L¤�C´����� k � E k ie¤ k i E k µ ïùð�ò
 r is foundto beallowedby
� 5 7 g .

Whenoneparameterat a time is variedaroundtheorigin (with theotheronesturnedoff), quitenarrow� DAx C.L. boundsareobtained.They arelistedin Table2.1.

Table 2.1: Thecurrent
�����

C.L. boundsfrom Eq.(2.4)alongtheparameteraxes.

� ¤ C¨�L��� � E i ¤ i E µ ïñð�ò
 q�.  r
upperbound jA��j B jA��jAj @AD jA��jAjAj?> jA� DA÷ jA��j?>
lower bound C jA��< B C jA��jAjAj ÷ C jA��jAjA< D C jA��< D C jA��<?>

If several parametersaresimultaneouslyturnedon in a correlatedmanner, their magnitudesare,
in principle, not boundedby

� 5 7 g alone. However, the larger they are, the tighter the necessary
correlationis, becomingquestionableat somepoint.

The boundsin Table2.1 have beenobtainedunderthe assumptionthat the non-lineartermsin
Eq.(2.4)arenegligible with respectto thelinearones.If thisassumptionis relaxed,additionalsolutions
to that equationarise. Suchsolutionsareusually consideredto be fine-tuned. In any case,they are
expectedto get excludedby a direct measurementof the

�����
anomalouscouplingsat the LHC (see

section2.1.2).

2Thenegativecoefficientat � Ë differsfrom theonein Fig. 1 of Ref.[33] whereananomalousÛ	�ÚÝ couplingwaseffectively
included,too.

8



Consideringotherprocessesincreasesthenumberof constraintsbut alsobringsnew operatorswith
their Wilson coefficients into the game,so long asthe amplitudesundergo ultraviolet renormalization.
Consequently, the analysisbecomesmore andmore involved. Effectsof � ¤ and � E

on
� 5 7 �#�¦�#"

have beendiscussed,e.g., in Refs.[33,35]. Theseanalysesneedto be updatedin view of the recent
measurements,andextendedto thecaseof iA¤ and i E

. Thesamerefersto the 8 �8 mixing, for which (to
ourknowledge)no dedicatedcalculationhasbeenperformedto date.Exclusive raredecaymodesin the
presenceof non-vanishing� E

have beendiscussedin Refs.[36,37].

2.1.2 ATLAS sensitivity to Wtb anomalous couplings

Thepolarisationof the
�

bosonsproducedin thetop decayis sensitive to non-standardcouplings[38].�
bosonscanbe producedwith positive, negative or zerohelicity, with correspondingpartial widths
 E
,

 ¤ ,


  which dependon ��¤ , � E
, ie¤ and i E

. Generalexpressionsfor

 E

,

 ¤ ,


  in termsof
thesecouplingscanbe found in Ref. [39] andwere includedin the program_��LM����Q . Their absolute
measurementis ratherdifficult, so it is convenientto considerinsteadthehelicity fractions

í�� º 
 � ( 
 ,
with


 : 
 E $ 
 ¤²$ 
  the total width for
� 5 �~�

. Within the SM,
í  :'jA� ÷ j B ,

í ¤ :'jA� @ � ÷ ,í¢E : B ��ë ô <Aj " �
at the treelevel, for Á � :¸< ÷AD GeV,

¬� : � jA� B � GeV, Á � :%>Î� � GeV. We note
that

í E
vanishesin the Á � : j limit becausethe

�
quarksproducedin top decayshave left-handed

chirality, andfor vanishingÁ � thehelicity andthechirality statescoincide.Thesehelicity fractionscan
be measuredin leptonicdecays

� 5���� . Let us denoteby � �� the anglebetweenthe charged lepton
three-momentumin the

�
restframeandthe

�
momentumin the

�
restframe.Thenormalisedangular

distribution of thechargedleptoncanbewrittenas

<
 Õ 

Õ ³���� � �� : B

� q < $ ³���� � �� r � í/E $ B
� q < C ³���� � �� r � í ¤½$ B> ��� ÿ � � �� í  k (2.6)

with the threetermscorrespondingto the threehelicity statesandvanishinginterference[40]. A fit to
the ³���� � �� distribution allows to extract, from experiment,the valuesof

í��
, which arenot independent

but satisfy
í E $ í ¤ $ í  :=< . Fromthesemeasurementsonecanconstraintheanomalouscouplingsin

Eq.(2.1). Alternatively, from thisdistribution onecanmeasurethehelicity ratios[39]

� E � ¤+º

 E � ¤
  : í¢E � ¤í  k (2.7)

whichareindependentquantitiesandtake thevalues� E : D ��< ô <Aj " �
, � ¤ :�jA� > @AB in theSM.As for the

helicity fractions,themeasurementof helicity ratiossetsboundson � E
, i ¤ and i E

. A third andsimpler
methodto extractinformationaboutthe

�����
vertex is throughangularasymmetriesinvolving theangle

� �� . For any fixed � in theinterval � C < k <! , onecandefineanasymmetry

"$# :&% q ³���� � �� û'�nr C % q ³���� � ��)( ��r
% q ³���� � �� û'�nr $ % q ³���� � �� ( ��r

� (2.8)

Themostobviouschoiceis � :=j , giving theforward-backward(FB) asymmetry
"+*-,

[27,41].3 TheFB
asymmetryis relatedto the

�
helicity fractionsby

".*-, : B> � í/E C í ¤  n� (2.9)

Otherconvenientchoicesare � :0/ q�@ �21Ç� C < r . Defining 3 : @ �41Ç� C < , we have

� : C|q�@ �21Ç� C < r25 "$# : "
� : B!35� í  $¨q < $63Ir í E  k

3Notice thedifferencein signwith respectto thedefinitionsin Refs.[27,41], wheretheangle798 ã;:=<?> 79@8 betweenthe
chargedleptonandÝ quarkis used.

9



� : q�@ �21Ç� C < r25 "$# : "
" : C|B!35� í  $¨q < $A31r í ¤  n� (2.10)

Thus,
"

� (
"

" ) only dependon
í  and

í/E
(
í ¤ ). The SM valuesof theseasymmetriesare

"+*-, :
C jA� @A@A@AD ,

"
� : jA� D > �A@ ,

"
" : C jA� �AB � ÷ . They arevery sensitive to anomalous

�����
interactions,and

their measurementallows us to probethis vertex without theneedof a fit to the ³���� � �� distribution. It
shouldalsobe pointedout that with a measurementof two of theseasymmetriesthe helicity fractions
andratioscanbereconstructed.

In this section,the ATLAS sensitivity to
�����

anomalouscouplingsis reviewed. The
� �� 5� � �?� " � �

eventsin which oneof the
�

bosonsdecayshadronicallyandtheotheronein the leptonic
channel

� 5B��� � (with � : ,�- k .1- ), areconsideredassignalevents.4 Any otherdecaychannelof the����
pair constitutesa backgroundto this signal.Signaleventshave a final statetopologycharacterisedby

oneenergetic lepton,at leastfour jets (including two
�
-jets) andlarge transversemissingenergy from

theundetectedneutrino.Top pair production,aswell asthebackgroundfrom singletop production,is
generatedwith _C��MCD�N�E [42]. Furtherbackgroundswithout top quarksin thefinal state,i.e.

� � �
,
� $ jets,

GI(?g � $ jets,
�¿�

, G�G and G �
productionprocesses,aregeneratedusing F�ZL_�TP]�Y [43]. In all cases

CTEQ5L partondistribution functions(PDFs)[44] wereused. Eventsarehadronisedusing F�ZL_�T^]�Y ,
takingalsointo accountboth initial andfinal stateradiation. Signalandbackgroundeventsarepassed
throughtheATLAS fastsimulation[45] for particlereconstructionandmomentumsmearing.The

�
-jet

taggingefficiency is setto 60%,thatcorrespondsto a rejectionfactorof 10 (100) for × jets (light quark
andgluonjets).

A two-level probabilisticanalysis,basedon the constructionof a discriminantvariablewhich
usesthe full informationof somekinematicalpropertiesof the event wasdevelopedandis described
elsewhere[46,47]. After this analysis,220024signalevents(correspondingto anefficiency of 9%) and
36271backgroundevents(mainly from

� �� 5 �G� � � � c �c H ) wereselected,for a luminosityof <Aj fb " �
. The

hadronic
�

reconstructionis donefrom thetwo non-
�

jetswith highesttransversemomentum.Themass
of thehadronictop, is reconstructedasthe invariantmassof thehadronic

�
andthe

�
-jet (amongthe

two with highestm * ) closerto the
�

. Theleptonic
�

momentumcannotbedirectly reconstructeddue
to thepresenceof anundetectedneutrinoin thefinal state.Nevertheless,theneutrinofour-momentum
canbeestimatedby assumingthetransversemissingenergy to bethetransverseneutrinomomentum.Its
longitudinalcomponentcanthenbedetermined,with aquadraticambiguity, by constrainingtheleptonic�

mass(calculatedasthe invariantmassof theneutrinoandthechargedlepton)to its known on-shell
value

¬� : � jA� > GeV. In orderto solve thetwofold quadraticambiguityin thelongitudinalcomponent
it is requiredthatthehadronicandtheleptonictopquarkshave theminimummassdifference.

The experimentallyobserved ³���� � �� distribution, which includesthe
����

signalaswell astheSM
backgrounds,is affectedby detectorresolution,

����
reconstructionandselectioncriteria. In orderto re-

cover thetheoreticaldistribution, it is necessaryto: (i) subtractthebackground;(ii) correctfor theeffects
of thedetector, reconstruction,etc.Theasymmetriesaremeasuredwith asimplecountingof thenumber
of eventsbelow andabove a specificvalueof ³���� � �� . This hastheadvantagethat theasymmetrymea-
surementsarenot biasedby theextremevaluesof theangulardistributions,wherecorrectionfunctions
largely deviatefrom unity andspecialcareis required.

Due to theexcellentstatisticsachievableat theLHC, systematicerrorsplay a crucial role in the
measurementof angulardistributions and asymmetriesalreadyfor a luminosity of 10 fb " �

. A thor-
oughdiscussionof thedifferentsystematicuncertaintiesin thedeterminationof thecorrectionfunctions
is thereforecompulsory. The systematicerrorsin the observablesstudied(asymmetries,helicity frac-
tions andratios)areestimatedby simulatingvariousreferencesamplesandobservingthe differences
obtained.Uncertaintiesoriginatingfrom Monte Carlo generators,PDFs,top massdependence,initial
andfinal stateradiation,

�
-jet tagefficiency, jet energy scale,backgroundcrosssections,pile-up and

�
4From now on, the Û bosondecayinghadronicallyand its parenttop quark will be namedas “hadronic”, and the Û

decayingleptonicallyandits parenttopquarkwill becalled“leptonic”.
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Table 2.2: Summaryof the resultsobtainedfrom thesimulationfor theobservablesstudied,includingstatistical
andsystematicuncertainties.

Observable Resultí  jA� ÷ jAj õ jA��jAj Böq �2H�I!H r õ jA��jA<A� q �2J�� rí ¤ jA� @ �A� õ jA��jAj Böq �2H�I!H r õ jA��jA< �öq �2J�� rí/E jA��jAjAjAë õ jA��jAjA< @öq �2H�I!H r õ jA��jAjA< �öq �2J�� r� ¤ jA� > @A÷ > õ jA��jAj � j q �2H�I!H r õ jA��j BAD ë q �2J�� r� E jA��jAjAj?> õ jA��jAj @ < q �2H�I!H r õ jA��jAjA<Aë q �2J�� r"+*-, C jA� @A@AB < õ jA��jAj BADöq �2H�I!H r õ jA��jA< B j q �2J�� r"
� jA� D > ÷A@ õ jA��jAj BA@öq �2H�I!H r õ jA��jAjA�A� q �2J�� r"
" C jA� �ABA�A÷ õ jA��jAjA< �öq �2H�I!H r õ jA��jAj @A�öq �2J�� r

Table 2.3: The K9L limits on anomalouscouplingsobtainedfrom the combinedmeasurementof MON , PRQGS T are
shown. In eachcase,thecouplingswhich arefixedto bezeroaredenotedby a cross.

� E iA¤ i E
"

- , � E � ¤ � C jA��jA<A� D k jA��jA�AjAë! ô ô"
- , � E � ¤ ô � C jA��j?>ÎjA� k jA��jAjA� @ ë! ô"
- , � E � ¤ ô ô � C jA��jA<A< @ k jA��jA< ÷ >� "
- , � E � ¤ ô � C jA��j?>Î< @ k jA��jAjA�?>A>� � C jA��jA<Aj � k jA��jA< ÷AD  "
- , � E � ¤ � C jA��jA<A�A� k jA��jA�Aj B  ô � C jA��jA< @ ë k jA��jA<Aë?>� 

quarkfragmentationwereconsidered.Theresultsof thesimulation,includingstatisticalandsystematic
uncertainties,aresummarizedin Table2.2.

With this results,andconsideringthe parametricdependenceof the observableson � E
, i ¤ and

i E
(seeRef. [39]), constraintson theanomalouscouplingsweresetusing _C��M�U��Q . Assumingonly one

nonzerocouplingat a time, < p limits from themeasurementof eachobservablecanbederived[46,47].
Theselimits can be further improved by combiningthe measurementsof the four observables � E � ¤
and

"
- , usingthe correlationmatrix [47], obtainedfrom simulation.5 Moreover, the assumptionthat

only onecouplingis nonzerocanberelaxed. However, if � E
and iA¤ aresimultaneouslyallowed to be

arbitrary, essentiallyno limits canbe seton them,sincefor fine-tunedvaluesof thesecouplingstheir
effectson helicity fractionscancelto a largeextent. In this way, values

Ä q < r of � E
and i ¤ arepossible

yielding minimal deviationson the observablesstudied. Therefore,in the combinedlimits, which are
presentedin Table2.3,it is requiredthateither � E

or ie¤ vanishes.

Finally, with the sameprocedure,the 68.3%confidencelevel (CL) regions on the anomalous
couplingsareobtained(Fig. 2.1). Theboundaryof theregionshasbeenchosenasa contourof constantV �

. In casethat theprobabilitydensityfunctions(p.d.f.) of � E
and ie¤ wereGaussian,theboundaries

would be ellipsescorrespondingto V � : @ � B j (seefor instanceRef. [48]). In our non-Gaussiancase
the V �

for which the confidenceregions have 68.3%probability is determinednumerically, and it is
approximately1.83for the q�iA¤ k i E r plot and1.85for q�� E k i E r .

2.2 Measurementof WGXZY in singletop production

Thevalueof theCKM matrixelement����� , isoftenconsideredtobeknown to averysatisfactoryprecision
( jA���A�A�Aj (\[ �L��� [�( jA���A�A� @ at90%CL [49]). However, this rangeis determinedby assumingtheunitarity

5We point out that the correlationsamong]_^ , ` Æ�a Ë do depend(as they must)on the methodfollowed to extract these
observablesfrom experiment.In ourcase,thecorrelationshavebeenderivedwith thesameprocedureusedto extract ]b^ , ` ÆCa Ë
from simulatedexperimentaldata.
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Fig. 2.1: 68.3%CL confidenceregionson anomalouscouplings: c T and c Q , for d Qfehg (left); d Q and c Q , for
c�T eig (right). The KjL combinedlimits in Table2.3arealsodisplayed.

of the B�ô´B CKM matrix which canbeviolatedby new physicseffects.TheTevatronmeasurementsof

»�º k Å á ã kmlk Å áon k l � k Å áop k l � k Å á ã k l arebasedon therelative numberof
����

-like eventswith zero,oneandtwo tagged�
-jets. Theresultingvaluesfor » are <A��< @ � �� � 


" �� ��� q �qH�I!H�� $ �qJC�2H�� r [50] and <A��j B � �� ���
" �� � 
 q �2H�I!H�� $ �2J��2H�� r [51]

for CDF andDØ respectively. Note that ����� determinationfrom » , giving [ �L��� [ û jA� ÷A� at 95% CL,
is obtainedassuming[ ����Ô [ � $ [ � � Ã [ � $ [ ����� [ � :6< . In fact, »¸� < only implies [ ����� [ ûsû [ � � Ã [ k [ ����Ô [ .
Thereforethesingletopproductionwhosecrosssectionis directlyproportionalto [ ����� [ is crucialin order
to revealthecompletepictureof theCKM matrix.

Recently, theDØ collaborationannouncedthefirst observationof thesingletop production.The
correspondingresultsfor the

�
and 7 -channelsare[52]:

p�r "�s4tvuxw!wvy{z $¨p�| "�s4tvuxwvw!y}z : >Î��� õ <A� >�~��
p r "�s4tvuxwvw!y}z : <A��j õ jA����~��
p | "�s4tvuxwvw!y}z : >Î� @ � �2� �

" �2� � ~�� (2.11)

This resultcanbe comparedto the SM predictionwith [ ����� [ :¸< [21]: p r "�s4tvuxwvwvy{z��� : jA� �A�|õ jA��<A<5~�� ,
p | "�s4tvuxwvwvy{z��� :v<A��� �¼õ jA� @AD ~�� . Takingtheseresultsinto accountandconsideringthe limit » û jA��ëA< at
95% C.L., excludedregionsfor [ � � � [ wereobtainedandareshown in Fig. 2.2 (a)-(c) (see[53] for the
detailedcomputation).Fromthis figure, theallowedvaluesfor [ � � � [ arefound to be j�� [ ����Ô [ �ujA��ë @ ,j�� [ � � Ã [ � jA��ë @ and jA� > ÷ � [ �L��� [ � < . Thenew dataon thesingletopproductionprovides,for thefirst
time, thelower boundof ����� . However, we have to keepin mind thatthelatest95%CL upperlimits on
thesingletopproductionby theCDFcollaboration[54] arelower thanthoseby DØ:

p r "�s4t!uxwvwvy{z $¨p | "�s4t!uxwvwvy{z ( @ � ÷ ~��
p�r "�s4tvuxw!wvy{z ( @ � D ~��
p�| "�s4t!uxwvwvy{z ( @ � B ~�� (2.12)

Usingthisbound,differentconstraintson [ � � � [ canbefound,asshown in Fig. 2.2(d)-(f).

Goingfrom Tevatronto LHC, thehigherenergy andluminositywill providebetterpossibilitiesfor
aprecisedeterminationof �L��� . Amongall threepossibleproductionmechanisms,the

�
-channel( c �� ( j )

is the mostpromisingprocessdueto its large crosssection, p¨�¸@ > D pb [22,55,56] and ����� could be
determinedat the 5% precisionlevel alreadywith 10 fb " �

of integratedluminosity, assuminga total
error of 10% for the

�
-channelcrosssectionmeasurement[57]. The precisionof this result is limited

by the systematicuncertaintyand might be well improved with betterunderstandingof the detector
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andbackground.The other channels,
���

associated( ���� = �	�� ) and 
 -channel( ���� �� ), are more
challengingdueto a muchlargersystematicuncertainty. However, a measurementof theseproduction
mechanismswill also be importantto further understandthe natureof the top quarkcoupling to the
weakcurrent,especiallybecausenew physicscouldaffect differentlythedifferentsingletopproduction
channels(seee.g.[20]).

Since ����� is not known, the ���������� alternative shouldbe still acceptable.If ����� is considerably
smallerthanone,thatwouldmeanthat ������� couplesnotonly to ����� � but alsoto theextraquarks.Thus,a
measurementof �!���"��#� wouldbeanevidencefor new heavy quarks.Theirexistenceis in factpredicted
by many extensionsof theSM [24,58–60] andfurthermore,thecurrentelectroweakprecisiondataallows
suchpossibility[61,62]. In thisclassof models,thefamiliar $&%'$ CKM matrix is asub-matrixof a $(%*) ,
)+%,$ , )+%-) or evenlargermatrix. Thosematricescouldalsobeconstrained,e.g.by the )+%+) unitarity
condition. Although the $.%/)10�),%2$ matrix, which is often inducedby thevector-like quarkmodels,
breakstheGIM mechanism,thecurrenttreelevel FCNCmeasurementdonot leadto strongconstraints.
However, thevector-likemodelswith down-typequark(modelswith $3%4) matrix)modifiesthetree-level5 �76 � couplingby a factorof 8:9<;��&=?>�@ , wherethe3rd-4thgenerationmixing =?>�@ parameterizesthe $A%�)
matrix togetherwith theusualCKM parameters( =CB �ED = � > D =CB�> ). Since ����� is written as �����GFH8:9<;I=�>�@ in
thesameparameterization,themeasurementof JK� ratio, JL� �#M � 5ON � 6 � ��0 M � 5ON

hadron� , forbids �����
significantlydifferentfrom onein this typeof models.
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Table 2.4: Branchingratiosfor FCNCtop quarkdecayspredictedby differentmodels.

Decay SM two-Higgs SUSYwith Exotic Quarks
R-parityviolation

� N � 5 P � EQ B�@ P � EQSR P � EQ�T P � EQ @
� N �?U P �  Q B�@ P �  Q�V P �  Q�V P �  Q�W
� N �?X P � EQ B � P � EQ @ P � EQ @ P � EQSR

In themodelswith asingletup-typequark()Y%,$ matrix case)or onecompletegeneration()�%-)
matrix case),the constraintfrom JK� measurementon ����� canbe milder. In the SM, JL� comesfrom
the treediagrammentionedabove and the � quark loop contribution which is proportionalto Z �!���[Z is
sub-dominant.If thereis an extra fermion �:\ , �!��� can be reduced. On the other hand,we obtain an
extra loop contribution from � \ , which is proportionalto Z � �^]_� Z . In general, � �^]_� increaseswhen �����
decreases.Thus, the constrainton �!��� dependson the �`\ mass. Using the currentCDF upperlimit,a �^] �cb<d<e GeV [63], it canbe shown that Z �����[Z �f<g�h<d (seechapter4.2.1). This result relieson the
assumptionthatthecorrectionsto JL� andto i , j , k parameters[64,65] inducedby loopeffectsareonly
comingfrom the � and�:\ . Thereforemoresophisticatedmodelswith anextendedparticlecontentmaybe
lessconstrained.For a morepreciseargumentin any givenmodel,all thewell measuredexperimental
datafrom loop processes,suchas the l N m.n U branchingratio and the electroweak precisiondata
mustbecomprehensively analysed.Neverthelessit shouldbeemphasizedthattheusualclaim thatthe i
parameterexcludesthefourth generationis basedon theassumptionthat opF  . Thefourth generation
modelincreasesi and j simultaneously, andthusleavesa larger parameterspacefor this modelthan
the JL� measurementalone[53,66–68]. Furtherdiscussiononthesearchfor extraquarksat theLHC can
befoundin chapter4 andin Refs.[53,69].

3 FCNC interactions of the top quark

If thetopquarkhasFCNCanomalouscouplingsto thegaugebosons,its productionanddecayproperties
will beaffected.FCNCprocessesassociatedwith theproduction[70–72] anddecay[73] of top quarks
have beenstudiedat collidersandthepresentdirect limits on thebranchingratiosare: lqJr��� N � 5 �Kst g�e<u [70], lqJr��� N �?U3�Ks <g�e<u [71] and lqJr��� N ��Xv�Ks � $ u [74]. Nevertheless,theamountof data
collectedupto now is notcomparablewith thestatisticsexpectedat theLHC andthuseitheradiscovery
or animportantimprovementin thecurrentlimits is expected[75–78].

In the top quarksectorof the SM, the small FCNC contributions limit the correspondingdecay
branchingratiosto thegaugebosons(

5
, U andX ) to below �  Q B � [15,79–82]. Therearehoweverexten-

sionsof theSM, like supersymmetricmodelsincludingR-parityviolation [5–11], multi-Higgsdoublet
models[12–14] andextensionswith exotic (vector-like) quarks[15,16], which predictthepresenceof
FCNCcontributionsalreadyatthetreelevel andsignificantlyenhancetheFCNCdecaybranchingratios.
Thetheoreticalpredictionsfor thebranchingratiosof top FCNCdecayswithin theSM andsomeof its
extensionsaresummarizedin Table2.4.

In addition,theorieswith additionalsourcesof FCNCsmay result in flavour violation in the in-
teractionsof the scalarsectorwith the top quark. For example,this is the casein Topcolor-assisted
Technicolor[83,84], wheretree-level FCNCsarepresent.In the theoriesthescalarsectorresponsible
for thetop quarkmasscanbediscoveredthroughits FCNCdecay[85] w � N �:x , wherex is a jet mainly
of a charmquark. Also, andaswe will seein detail in Section3.2, modelswith multi-Higgsdoublets
containadditionalsourcesof flavourviolationat oneloop thatmayleadto FCNCdecaysof theHiggs.
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Table 2.5: Contributionsof order y{z<| to thecrosssectionof top production.

directproduction }~} N ��X���� N �(� m
top+ jet production }~} N ��X�Xv� N 6�3�(� m

}~} N ��X���� N X��(� m
}~} N � 6�4��� N 6�(�(� m

(including4-fermioninteractions)
top+ anti-topproduction }~} N ��X�Xv� N 6�S�3� m

}~} N � 6�4��� N 6���3� m
top+ gaugebosonproduction }~} N ��X���� N UA�(� m

}~} N ��X���� N�5 �(� m
}~} N ��X���� N�� �I� m

top+ Higgsproduction }~} N ��X���� N w~�(� m

3.1 Top quark production in the effective lagrangian approach

If strongFCNCexistsassociatedto thetop quarksector, it is expectedthat it influencestheproduction
of singletop eventsthroughthe process}E} N �K��� D X . This singletop productionchannelis thusan
excellentprobefor flavour phenomenabeyond the SM. In this section,the phenomenologyof strong
flavour changingsingletopproductionin theeffective lagrangianapproachis considered.Theapproach
is model independentandmakesuseof a subsetof all dimensionfive andsix operatorsthat preserve
the gaugesymmetriesof the SM aswritten in ref. [31]. The subsetchosencontainsall operatorsthat
contribute to strongFCNCincludingthefour fermioninteractions.This methodologyhasbeenusedby
many authorsto studysingletop quarkproductionusingtheSM asits low energy limit but alsoin other
modelslike Supersymmetry, two-Higgsdoubletmodelsandothers[20,86–97].

Theeffective lagrangianis aseriesin powersof � 0�� , � beingthescaleof new physics.Therefore,
the termsthat originatefrom mixing with SM chargedcurrents,that is, with diagramswith a charged
boson,eitherasvirtual particleor in thefinal statewill be first considered.Theseareprocessesof the
type }r} N � 6�*��� N 6�&�(� m

and}r} N ��X���� N�� �&� m
andthechargeconjugateprocesses.Dueto

CKM suppressionandsmallpartondensityfunctionscontributionsfrom theincomingquarks,these� Q �
termsaremuchsmallerthanthe � Q @ terms. Thereareseveral contributionsof order � Q @ to the cross
sectionof singletop production.Thesearesummarizedin Table2.5. A moredetaileddiscussioncanbe
foundin [98]. Crosssectionsfor theseprocesseswerecalculatedin [99,100].

Themaingoalof this work wasto produceall crosssectionsanddecaywidths relatedto strong
FCNCwith a singletop quarkin a form appropriatefor implementationin the ���!�����!� generator[42].
This implies that all crosssectionshad to be given in differential form with the top spin taken into
account.Most of theprocesseswerealreadyinsertedin thegenerator(seerelease4.20of ���!�����!� ) and
theremainingoneswill beinsertedin thenearfuture.

In this section,a joint analysisof the resultsobtainedin [98–100] is performed.To investigate
the dependenceof the crosssectionson the valuesof the anomalouscouplings,which aredenotedby
constants����� and �v��� , randomvaluesfor ����� and �v��� weregeneratedand the resultingcrosssections
wereplottedagainstthebranchingratioof thetopquarkfor thedecay� N X&� . Themotivationfor doing
this is simple: the top quarkbranchingratiosfor thesedecaysmayvary by asmuchaseightordersof
magnitude,from

P �  Q B � in the SM to
P �  Q @ for somesupersymmetricmodels. This quantity is

thereforeagoodmeasureof whetherany physicsbeyondthatof thestandardmodelexists.

In Fig. 2.3 thecrosssectionsfor theprocesses}&} N �+����� � and }�} N �-� �
via a � quark

versusthebranchingratio lqJr��� N X��I� areshown. This plot wasobtainedby varyingtheconstants�
and� in a randomway, asdescribedbefore.Eachcombinationof � and� originatesa givenbranching
ratioandaparticularvaluefor eachcrosssection.Obviously, anothersetof pointsmaygeneratethesame
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valuefor the branchingratio but a differentvaluefor the crosssection,which justifiesthe distribution
of valuesof S��}�} N �.�®��� �¯� and S��}&} N �.� � � . Valuesof � and � for which thebranchingratio
variesbetweentheSM valueandthemaximumvaluepredictedby supersymmetrywerechosen.6 The
crosssectionsfor top plusjet andtop plusa

�
bosonproductionvia a ° quarkaresimilar to theseones

althoughsmallerin value.Noticethatthe
� � crosssectionis proportionalto only oneof thecouplings,

whichmakesit averyattractiveobservable- it mayallow usto imposeconstraintsonasingleanomalous
coupling(seeRef. [98] for details).

It shouldbenotedthatsingletopproductiondependsalsoonthecontributionsof thefour fermion
operators.Hence,evenif thebranchingratios lqJr��� N X��3��°���� areverysmall,thereis still thepossibility
of having alargesingletopcrosssectionwith origin in thefour fermioncouplings.In Fig.2.3wedid not
considerthispossibility, settingthefour-fermioncouplingsto zero.For adiscussiononthefour-fermion
couplingsdo seeRef. [99].

In Fig.2.4thecrosssectionsfor }&} N �K� 5
and}�} N �{�±U via a � quark,versusthebranching

ratio lqJr��� N X��3� areplotted.Theequivalentplot with aninternal ° quarkis similar, but thevaluesfor
thecrosssectionaremuchsmaller. In this plot we canseethatbothcrosssectionsarevery small in the
rangeof ²<�³�µ´ considered.Theseresultsimply that their contribution will hardlybeseenat theLHC,
unlessthevaluesfor thebranchingratio arepeculiarlylarge.

Thesame,in fact,couldbesaidfor }&} N ���¶w . Evenfor thesmallestallowedSM Higgsmass,
thevaluesof thecrosssectionfor associatedtop andHiggsproductionarevery small. Thesameholds
truefor theprocessesinvolving theanomalouscouplingsof the ° quark.

Thesmallnessof theeffectsof theseoperatorsin theseveralcrosssectionsholdstrue,aswell, for
thetop–anti-topchannel.In thiscase,evenfor abranchingratio l'Jr��� N Xµ�I��F �  Q @ , thecontributions
to thecrosssectionS��}�} N � 6��� donotexceed,in absolutevalue,onepicobarn.

In conclusion,the strongFCNC effective operatorsare constrainedin their impact on several
channelsof top quarkproduction.Namely, Fig. (2.3) and(2.4) illustratethat, if thereareindeedstrong

6Both ·�¸º¹&» and¼�¸½¹(» werevariedbetween¾£¿!À<Á and ¾ TeV À[» .

16



10
−12

10
−10

10
−8

10
−6

10
−4

10
−10

10
−8

10
−6

10
−4

10
−2

BR(t → ug)

to
p 

cr
os

s 
se

ct
io

ns
 v

ia
 u

 q
ua

rk
 (

pb
)

 

 

σ (p p → t + Z)

σ (p p → t + γ)

Fig. 2.4: Crosssectionsfor theprocesses���q�H� û¦Â (upperline) and ���A�H� ûÄÃ (lower line) via a § quark,
asa functionof thebranchingratio ¨ ø4©��&�Åª�§�¬ .

FCNCeffectson thedecaysof thetop quark,their impactwill bemoresignificantin thesingletop plus
jet productionchannel.It is possible,accordingto theseresults,to have an excessin thecrosssection
S��}&} N �.� jet� arisingfrom new physicsdescribedby theoperatorswe have consideredhere,at the
sametime obtainingresultsfor theproductionof a top quarkalongsidea gaugeandHiggsboson,or for
� 6� production,which areentirely in agreementwith theSM predictions.This reinforcestheconclusion
that the crosssectionfor singletop plus jet productionis an importantprobefor the existenceof new
physicsbeyond thatof theSM. It is a channelextremelysensitive to thepresenceof thatnew physics,
andboastsasignificantexcessin its crosssection,whereasmany otherchannelsinvolving thetopquark
remainunchanged.Nevertheless,it may still be possibleto usesomeof theseunchangedchannels,
suchastopplus

�
production,to constrainthe � parameters,throughthestudyof asymmetriessuchas

S��}&} N � � Q � � S��}&} N 6� �«Æ � .
3.2 HiggsbosonFCNC decaysinto top quark in a generaltwo-Higgsdoublet model

Thebranchingratiosfor FCNCHiggsbosondecaysareat thelevel of �  Q B T , for Higgsbosonmassesof
a few hundredGeV. In thissection,theFCNCdecaysof Higgsbosonsinto a topquarkin ageneraltwo-
Higgs-doubletmodel(2HDM) areconsidered.In this model,theHiggsFCNCdecaysbranchingratios
canbesubstantiallyenhancedandperhapscanbepushedupto thevisible level, particularlyfor w[Ç which
is thelightest È"É -evenspinlessstatein thesemodels[101]. Wecomputethemaximumbranchingratios
andthenumberof FCNCHiggsbosondecayeventsat theLHC. Themostfavorablemodefor production
andsubsequentFCNCdecayis the lightest È"É -evenstatein the type II 2HDM, followed by theother
È"É -even state,if it is not very heavy, whereasthe È"É -odd modecannever be sufficiently enhanced.
Thepresentcalculationshows thatthebranchingratiosof the È"É -evenstatesmayreach�  Q�T , andthat
severalhundredeventscouldbecollectedin thehighestluminosityrunsof theLHC. Somestrategiesto
usetheseFCNCdecaysasa handleto discriminatebetween2HDM andsupersymmetricHiggsbosons
arealsopointedout.

Somework in relationwith the2HDM HiggsbosonsFCNCshasalreadybeenperformed[12,13],
and in the context of the MSSM [102–105]. In this work the productionof any 2HDM Higgs boson
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( w � wEÇ D Ê Ç D Ë Ç ) at theLHC is computedandanalyzed,followedby theone-loopFCNCdecayw N � ° .
Themaximumproductionratesof thecombinedcrosssection,

S��}E} N w N � °��ÍÌ S��}E} N w m ��l'Jr��w N � °�� D
lqJr��w N � °��ÍÌ M ��w N � 6°3� 6� °��

� M ��w NÎm � � D (2.13)

takes into accountthe restrictionsfrom the experimentaldeterminationof � N 
7U branchingratio
(a/ÏKÐ¦Ñ $ d< GeV [106]), from perturbativity arguments( <g �ÓÒ �ÕÔ�Ö4� ÒØ×  , where �ÕÔ�Ö*� is the ra-
tio of thevacuumexpectationvaluesof eachdoublet),from thecustodialsymmetry( Z Ù7Ú ��ÛvÜÞÝ Z Ò <g � u )
andfrom unitarity of the Higgs couplings. In this sectiona summarizedexplanationof the numerical
analysisis given.For furtherdetailsseeRefs.[13,107].

Thefull one-loopcalculationof lqJr��w N � °�� in thetypeII 2HDM, aswell asof theLHC produc-
tion ratesof theseFCNCeventswereincluded.It is consideredthat lqJr��w N � °�� in thetypeI 2HDM is
essentiallysmall (for all w ), andthat thesedecaysremainalwaysinvisible. Thebasicdefinitionsin the
general2HDM framework canbefoundin Ref. [101].

Thecalculationswereperformedwith thehelpof thenumericandalgebraicprogramsß��!à�á!â�ã�äÞå ,
ß��!ã�æ!ç�è�éÞê and ë��!�����!���!éSå [108–110]. A parameterscanof theproductionratesover the2HDM param-
eterspacein the � a ÏKÐ D a/ì<í � -planewasdone,keeping�ÕÔ�Ö*� fixed.

In Fig. 2.5 a-b, the l'Jr��w Ç N ��°�� for the lightest È"É -evenstate(typeII 2HDM) is shown. The
lqJ is sizeable,up to �  Q�T , for therangeallowedfrom � N 
?U . In Fig 2.5ctheproductioncrosssections
explicitly separated(thegluon-gluonfusionat one-loopandthe wEÇE� 6� associatedproductionat the tree
level [111,112]) arepresented.Thecontrolover Ù?Ú!��Û�ÜÞÝ is displayedin Fig. 2.5d.

In practice,to betterassessthepossibilityof detectionat theLHC, onehasto studytheproduction
ratesof the FCNC events. A systematicsearchof the regionsof parameterspacewith the maximum
numberof FCNCeventsfor thelight ÈîÉ -evenHiggsispresentedin theformof contourlinesin Fig.2.5e.
ThedominantFCNCregionfor wEÇE� Ê ÇE� decayis where�ÕÔ�Öî� ( � is therotationanglewhichdiagonalises
thematrixof thesquaredmassesof the È"É -evenscalars)is large(small),�ÕÔ�Ö*� is largeanda ìAï a/ðñí ,
with a maximumvalueup to few hundredevents. As for the È"É -odd state Ë Ç , it playsan important
indirect dynamicalrole on the otherdecaysthroughthe trilinear couplings,but its own FCNC decay
ratesnever getasufficient degreeof enhancementdueto theabsenceof therelevanttrilinearcouplings.

One shouldnotice that in many casesone can easily distinguishwhetherthe enhancedFCNC
eventsstemfrom thedynamicsof ageneral,unrestricted,2HDM model,or ratherfrom somesupersym-
metricmechanismswithin theMSSM. In the2HDM casethe ÈîÉ -oddmodesË Ç N � ° arecompletely
hopelesswhereasin theMSSM they canbeenhanced[102,103,113,114]. Nevertheless,differentways
to discriminatetheserareeventsarediscussedin Ref. [13].

The FCNC decaysof the Higgs bosonsinto top quarkfinal statesare a potentially interesting
signal,exceeding� fb for a Ï~ò up to ) < GeV (Fig. 2.5e).This however, is a smallcrosssectiononce
potentiallyimportantbackgroundsareconsidered,suchas

� x¯x andSM singletopproduction.A careful
studyof thebackgroundsfor this processshouldbecarriedout. If it werepossibleto fully reconstruct
thetop, thentheremight behopeto observe adistinctive Higgsbumpin the � ° channel[85].

3.3 Singletop production by dir ect SUSYFCNC interactions

FCNCinteractionsof top quarkscanprovide animportantindirectprobefor new SUSYprocesses.For
instance,theMSSM HiggsbosonFCNCdecayratesinto top-quarkfinal states,e.g. Ê Ç D Ë Ç N � 6°�� 6��° ,
canbeof order � EQ @ (seesection3.2andRefs.[103,113–116]),while in theSM lqJr� Ê N � 6°�� P � EQ B�> -�  Q B V (dependingon theHiggsmass)[107]. Therealsoexists thepossibility to produce� 6° and 6� ° final
stateswithout Higgsbosonsor any otherinterveningparticle[96,117]. In this sectionit will beshown
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thattheFCNCgluinointeractionsin theMSSMcanactuallybeoneefficientmechanismfor directFCNC
productionof topquarks[96].

In general,in theMSSMweexpecttermsof theform gluino–quark–squark orneutralino–fermion–
sfermion,with thequarkandsquarkhaving thesamecharge but belongingto differentflavours. In the
presentstudyonly thefirst typeof terms,whichareexpectedto bedominant,areconsidered.A detailed
lagrangiandescribingthesegeneralizedSUSY–QCDinteractionsmediatedby gluinoscanbefound,e.g.
in Ref. [102]. The relevant parametersarethe flavour-mixing coefficients Ù���� . In contrastto previous
studies[118], in thepresentwork, theseparametersareonly allowedin theLL partof the × % × sfermion
massmatricesin flavour-chirality space.Thisassumptionis alsosuggestedby RGarguments[119,120].
Thus,if �KJ�J is theLL block of a sfermionmassmatrix, Ù ��� ��L.�� x�� is definedasfollows: ����J	JS� ��� �
Ù����NMa �6Ma � , where Ma � is thesoft SUSY-breakingmassparametercorrespondingto theLH squarkof L th
flavour [102]. The parameterÙ � > is the onerelating the b nd and $ rd generations(thereforeinvolving
the top quarkphysics)andit is the lessrestrictedonefrom thephenomenologicalpoint of view, being
essentiallya freeparameter(  s¦Ù � >"s � ). Concretely, we have two suchparameters,Ù�O ��P J	J� > and Ù�O �8P J	J� > ,
for the up-typeanddown-type LL squarkmassmatricesrespectively. The former entersthe process
understudywhereasthelatterentersl'Jr��� N 
?UI� , observablethatwe useto restrictour predictionson

� 6°L� 6��° production.Notice that Ù O �8P J�J� > is relatedto theparameterÙ O ��P J�J� > becausethe two LL blocksof
thesquarkmassmatricesarepreciselyrelatedby the CKM rotationmatrix Q asfollows: ��R � ST �VUWU �
Q���R � SX � UWU QZY [121,122].

Thecalculationof thefull one-loopSUSY–QCDcrosssection �;[ Ì®S��}E} N � 6°�� usingstandard
algebraicandnumericalpackagesfor this kind of computations[110,123] hasbeenperformed. The
typical diagramscontributing aregluon-gluontriangleloops(seeRef. [96]for moredetails).In orderto
simplify thediscussionit will besufficient to quotethegeneralform of thecrosssection:

 �;[ P Ù O ��P U\U� > � a � � � Ë � �^] 0��ÕÔ�Ö*�L� �
� @_,`%_,a

�
a � Sb g (2.14)

Here Ë � is the trilinear top-quarkcoupling,
]

thehiggsinomassparameter, a Sb is thegluino massand
� _B`c_,a standsfor theoverall scaleof thesquarkmasses[96]. Thecomputationof  �;[ togetherwith the
branchingratio l'Jr��� N 
?UI� in theMSSM wasperformed,in orderto respecttheexperimentalbounds
on lqJr��� N 
7U3� . Specifically, lqJr��� N 
?UI� � � b<g � -) g�d �K% � EQ @ at the $< level is considered[49].
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In Figs.2.6,2.7and2.8themainresultsof thisanalysisarepresented.It canbeseenthat  �;[ is very
sensitive to Ë � andthat it decreaseswith ��oqp\o>r and a Sb . As expected,it increaseswith Ù J�J� > Ì�Ù O ��P J�J� > .
At themaximumof  �;[ , it prefersÙ J�J� > � <g × e . Thereasonstemsfrom thecorrelationof this maximum
with the lqJr��� N 
7U3� observable.At themaximum,b  �;[ F <g�dtsvu , if weallow for relatively light gluino
massesa Sb � b<d< GeV (seeFig. 2.8). For higher a Sb thecrosssectionfalls down fast;at a Sb � d<<
GeV it is already �  timessmaller. The total numberof eventsper � <cwxu Q B lies between�  @ - �  T for
this rangeof gluino masses.The fixed valuesof the parametersin theseplots lie nearthe valuesthat
provide themaximumof theFCNCcrosssection.Thedependenceon

]
is not shown, but it shouldbe

noticedthatit decreasesby
P ) <u in theallowedrange

] � b<< - e<< GeV. Valuesof
] �#e<< GeVare

forbiddenby lqJr��� N 
7U3� . Largenegative
]

is alsoexcludedby theexperimentalboundconsideredfor
thelightestsquarkmass,a Sy�z Ò � d< GeV; too small Z ] Z Ò b<< GeV is ruledout by thechargino mass
boundaK{<Ð z}| h< GeV. Theapproximatemaximumof  �;[ in parameterspacehasbeencomputedusing
ananalyticalprocedureasdescribedin Ref. [96].

Finally, it shouldbenoticedthat � 6° final statescanalsobeproducedat one-loopby thecharged-

21



currentinteractionswithin theSM.Thisone-loopcrosssectionattheLHC wascomputed,with theresult
 _ ÝA��}E} N � 6°Þ� 6��°�� � t g�b % � EQ @ w~u"g It amountsto lessthanoneeventin theentirelifetime of theLHC.
Consequently, an evidencefor suchsignalabove the backgroundwould have to be interpretedasnew
physics.

Thefull one-loopSUSY–QCDcrosssectionfor theproductionof singletop-quarkstates� 6°&� 6� °
at theLHC werecomputed.This directproductionmechanismis substantiallymoreefficient (typically
a factorof � < ) thantheproductionandsubsequentFCNCdecay[105,124] ( w N � 6°S� 6��° ) of theMSSM
Higgsbosonsw � w[Ç D Ê Ç D Ë Ç . It is importantto emphasizethat thedetectionof a significantnumber
of � 6°(� 6��° statescouldbeinterpretedasa distinctive SUSYsignature.It shouldbenoticedhowever that
a carefulbackgroundstudymustbe donefor this chanelsince,unlike the Higgs decaystudiedin the
previoussection,thekinematicdistributionsof thesignalarenot likely to have a very distinctive shape
comparedto

� xÕx or standardmodelsingle-topproduction.

3.4 ATLAS and CMS sensitivity to FCNC top decays

Due to the high productionrate for � 6� pairsandsingle top, the LHC will allow either to observe top
FCNCdecaysor to establishvery stringentlimits on thebranchingratiosof suchdecays.In this section
thestudyof ATLAS andCMSsensitivity to topFCNCdecaysis presented.A detaileddescriptionof the
analysiscanbefoundin [125,126].

Both CMS andATLAS collaborationshave investigatedthe � N ��U and � N � 5 decaychannels.
Analyseshave beenoptimizedfor searchingFCNCdecaysin � 6� signal,whereoneof the top quarksis
assumedto decaythroughthedominantSM decaymode(� N � � ) andtheotheris assumedto decayvia
oneof theFCNCmodes.The � 6� final statescorrespondingto thedifferentFCNCtopdecaymodesleadto
differenttopologies,accordingto thenumberof jets,leptonsandphotons.Only leptonicdecaychannels
of

5
and

�
bosonsareconsideredin the analysisdevelopedby the CMS collaboration.The ATLAS

collaborationhasalsostudiedthe channelcorrespondingto the hadronic
5

decay, which is discussed
elsewhere[125].

Thesignalis generatedwith ���!���!��� [42], while �\�!�\�q�Õâ [43] is usedfor backgroundgeneration
andmodellingof quarkandgluonhadronization.Thegeneratedeventsarepassedthroughthefast(for
ATLAS) andfull (for CMS) detectorsimulation.SeveralSM processescontributing asbackgroundare
studied: � 6� production,singletop quarkproduction,

5�� 0 5�5 0 ��� �2� � ��; , 5 0 � 0�U%�K�±��� ��; , 5 �?6 � and
QCD multi-jet production.

Although ATLAS andCMS analysesdiffer in somedetailsof selectionprocedure,they obtain
the sameorderof magnitudefor the FCNC sensitivity. In both analyses,the signal is preselectedby
requiringthepresenceof, at least,onehigh }\� lepton(thatcanbeusedto triggertheevent)andmissing
energy above b< GeV for theATLAS analysisandabove b<d GeV for theCMS analysis.Additionally,
two energetic centraljets from � and 6� decaysarerequired.Theslight differencesin CMS andATLAS
thresholdsreflectthedifferencesin their sub-detectors,simulationcodeandreconstructionalgorithms.

TheCMS analysisstronglyrelieson � -taggingcapabilityto distinguishthe � -jet from SM decay
andthelight-jet from theanomalousone.A seriesof cascadeselectionsareappliedto reducetheback-
ground.For the � N ��U channel,theW bosonis reconstructedrequiringthetransversemassof theneu-
trino andhardleptonto belessthan120GeVandthe � -jet is usedto form awindow mass110s a �V�Îs
220GeV. Theinvariantmassof thelight-jet anda singleisolatedphotonwith }W� � 50 GeV is bounded
in the range[150,200]GeV. A final selectionof top back-to-backproduction( 8:9<;E�Þ��� 6���'s � <g�h<d ) re-
ducesthedi-bosonbackground.The � N � 5 channelis extractedwith thesearchof one

5
(usingsame

flavour-oppositecharge leptons,which serve astriggerandareboundto a 10 GeV window aroundthe5
mass)anda � �V� in the top massregion, with thesamecutsof thepreviouscase.Onehardlight jet

is extractedandcombinedwith the
5

, to reveal theFCNCdecayof a top recoilingagainsttheonewith
SM decay( 8:9<;c����� 6� �4s  ). ThereconstructedFCNCtop invariantmassdistributionsfor bothchannels
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areshown in Fig.2.9.

The ATLAS collaborationhasdevelopeda probabilisticanalysisfor eachof the consideredtop
FCNCdecaychannels.In the � N � 5 channel,preselectedeventswith a reconstructedZ, largemissing
transverseenergy andthe two highest} � jets (one � -tagged)areusedto build a discriminantvariable
(likelihoodratio) ¦3§ �©¨ Öñ��ª¬«�®SB É o� 0¯ª°«�VSB É²±� � , where É ± O o P� arethesignalandbackgroundp.d.f.,eval-
uatedfrom thefollowing physicaldistributions: theminimuminvariantmassof thethreepossiblecom-
binationsof two leptons(only thethreehighest}W� leptonswereconsidered);thetransversemomentum
of thethird lepton(with theleptonsorderedby decreasing} � ) andthetransversemomentumof themost
energetic non-� jet. The discriminantvariablesobtainedfor FCNC signalandthe SM backgroundare
shown in Fig.2.10(left). For the � N ��U channel,preselectedeventsare requiredto have one � -tag
(amongstthetwo highest}W� jets)andat leastonephotonwith transversemomentumabove75GeV. For
thischannel,thelikelihoodratio is built usingthep.d.f. basedon thefollowing variables:invariantmass
of theleadingphotonandthenon-� jet; transversemomentumof theleadingphotonandthenumberof
jets. Thesignalandbackgrounddiscriminantvariablesareshown in Fig. 2.10(right). For comparison
with theCMS sequentialanalysis,a cut on thediscriminantvariable(correspondingto thebest i�0¯³ l )
is applied.

Oncethe signal efficiency ( ´Bo ) and the numberof selectedbackgroundevents( µ ) have been
obtained,µ·¶ sensitivities for asignaldiscovery correspondingto agivensignificancecanbeevaluated.
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Table 2.6: ATLAS andCMS resultsfor describedanalysis:efficiency, SM backgroundandexpectedbranching
ratiosfor top FCNCdecays,assuminga ¸W¹ significancediscovery( º¼»¥½�¾ fb ¿ÁÀ ).Â6ÃÅÄ�Æ Â²ÃÇÄgÈ

´BÉ µ µN¶ ( Ê¯Ë ) ´BÉ µ µ·¶ ( Ê¯Ë )
ATLAS 1.30% 0.37 Ì¯Í¯Î;ÏÑÐÒÌ¯ÏkÓ\Ô 1.75% 3.13 Ì¯Î;Õ·Ð^Ì¯ÏkÓ\Ô
CMS 4.12% 1.0 Ì¯Ì¯Î Ö}ÐÒÌ¯Ï Ó\Ô 2.12% 54.6 Ê¯Î;×·Ð^Ì¯Ï Ó\Ô

Table 2.7: LHC 95%CL expectedlimits on ØcÙÛÚ�Ü and ØcÙÛÚ*Ý branchingratios(ATLAS andCMSpreliminary
combinationunderthehypothesisof signalabsence).

luminosity µN¶ßÞ Â¬ÃÅÄ	Æà µN¶ßÞ ÂáÃÇÄgÈ%à
10 fb Ó�â ã¯Î;ÏÑÐÒÌ¯ÏkÓ\Ô Í¯Î;ÕÑÐÒÌ¯ÏkÓ\ä
100fb Ó�â ÖvÎ;ãÑÐÒÌ¯Ï Ó\ä Ì¯Î;ÏÑÐÒÌ¯Ï Ó\ä

Table2.6 reportsthe resultsof the two experiments,assumingan integratedluminosityof 10 fb Ó�â , Ê¯Ë
discovery level andthestatisticalsignificanceåçæèã¯Þ�é µëêíìÒî é µ à

(a differentdefinitionfor å can
befoundin Ref. [125]).

Having thesetwo independentanalyses,a preliminarycombinationof ATLAS andCMS results
wasperformed,in orderto estimatethepossibleLHC sensitivity to topFCNCdecays.As afirst attempt,
theModifiedFrequentistLikelihoodMethod(seefor exampleRef.[127]) isusedtocombinetheexpected
sensitivity to top FCNCdecaysfrom bothexperimentsunderthehypothesisof signalabsence7 andan
extrapolationto thehighluminosityphase(100fb Ó�â ) is performed.Theseresultsareshowedin Table2.7
andindicatethatasensitivity at thelevel of thepredictionsof somenew physicsmodels(suchasSUSY)
canbe achieved. The comparisonwith the currentexperimentallimits is alsoshown in Fig. 2.11. As
showed,a significantimprovementon thepresentlimits for top FCNCdecaysis expectedat theLHC.
Bothcollaborationshave plansto assessin detailtheimpactof systematicuncertaintiesandimprove the
understandingof the detectorsthroughupdatedsimulationtools. Preliminaryresultsindicatethat the
effect of theoreticalsystematics(astop mass,Ë�Þ Â�ïÂ�à andpartondistribution functions)andexperimental
ones(suchasjet/leptonenergy scaleand ð -tagging)haveanimpactonthelimits smallerthan30%.Thus,
theorderof magnitudeof theresultsis notexpectedto change.

A studyof theATLAS sensitivity to FCNC
ÂáÃñÄ ò

decaywasalsopresentedin Ref.[125]. In this
analysis,the

Â ïÂ
productionis considered,with oneof thetopquarksdecayinginto

Ägò
andtheotherdecays

throughtheSM decay
ÂÃ ð�ó . Only theleptonicdecaysof the ó weretaken into account,otherwise

thefinal statewould befully hadronicandthesignalwould beoverwhelmedby theQCD background.
This final stateis characterisedby thepresenceof ahigh ôWõ gluonanda light jet from theFCNCdecay,
a ð -taggedquark,oneleptonandmissingtransversemomentumfrom theSM decay. As in this topology
the FCNC top decaycorrespondsto a fully hadronicfinal state,a more restrictive event selectionis
necessary. As for the

Ä	Æ
and

Ä È
channels,aprobabilistictypeof analysisis adopted,usingthefollowing

variablesto build thep.d.f.: the invariantmassof the two non-ð jetswith highestô õ ; the ð,ö¯÷ invariant
mass;thetransversemomentaof the ð -jet andof thesecondhighestôWõ non-ð jet andtheanglebetween
theleptonandtheleadingnon-ð jet. Thediscriminantvariablesobtainedfor signalandbackgroundare
shown in Fig. 2.12.Theexpected95%CL limit on µN¶ßÞ ÂøÃñÄgòÁà

for ùúæûÌ¯Ï fb Ó�â for ùúæ©Ì¯Ï fb Ó�â was
found to be Ì¯Î;ÍüÐýÌ¯Ï Ó\þ . A significantimprovementon this limit shouldbeachieved by combiningthe
resultsfrom

Â ïÂ
production(with

ÂáÃÅÄ ò
FCNCdecay)andsingletopproduction(seesection3.1).

7For the CMS analysisa countingexperimentis used,while for the ATLAS analysisthe full shapeof the discriminant
variableswasalsotakeninto account.
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4 Newphysicscorrectionsto top quark production

It is generallybelieved that the top quark,dueto its large mass,canbe moresensitive to new physics
beyond theSM thanotherfermions. In particular, new processescontributing to

Â�ïÂ
andsingletop pro-

ductionmayberelevant. Singletop processesareexpectedto besensitive to someSM extensions,such
asSUSY. Anothercharacteristicnew processcould be the productionin ôkô collisionsof an % -channel
resonancedecayingto

Â ïÂ
. Examplesof this resonanceare: (i) a spin-1 leptophobic

Æ'&
boson,which

wouldbeundetectablein leptonicdecaychannels;(ii) Kaluza-Klein(KK) excitationsof gluonsor gravi-
tons;(iii) neutralscalars.If theseresonancesarenarrow they couldbevisible asa masspeakover the
SM

Â ïÂ
background.In suchcase,theanalysisof

Â
,
ïÂ
polarisations(in asuitablewindow aroundthepeak)

couldprovide essentialinformationaboutthespinof theresonance.If theresonanceis broad,perhaps
theonly way to detectit couldbea deviation in

Â ïÂ
spincorrelationswith respectto theSM prediction.
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Fig. 2.13: Integratedcrosssectionsfor theoverall Ø -channelproductionof a singletop or antitopquark.

More generally, new contributionsto
Â�ïÂ

productionwhich do not involve theexchangeof a new particle
in the % channel(including,but not limited to, thosemediatedby anomalouscouplingsto thegluon)do
not show upasaninvariantmasspeak.In thiscase,theanalysisof themeasurementof spincorrelations
might provide theonly way to detectnew physicsin

Â�ïÂ
production.

4.1 Potential complementaryMSSM test in singletop production

At LHC, it will be possibleto performmeasurementsof the ratesof the threedifferentsingletop pro-
ductionprocesses,usuallydefinedas

Â
-channel,associated

Â ó and % -channelproduction,with anexper-
imentalaccuracy thatvarieswith theprocess.Fromthemostrecentanalysesoneexpects,qualitatively,
a precisionof the orderof 10% for the

Â
-channel[131], andworseaccuraciesfor the two remaining

processes.Numerically, the crosssectionof the
Â
-channelis the largestone, reachinga valueof ap-

proximately250 pb [132]; for the associatedproductionandthe % -channeloneexpectsa valueof ap-
proximately60 pb and10 pb [133] respectively. For all the processes,the SM NLO QCD effect has
beencomputed[22,134],andquiterecentlyalsotheSUSYQCD contribution hasbeenevaluated[133].
Roughly, onefinds for the

Â
-channela relative (¤Õ % SM QCD effect anda negligible SUSY QCD

component;for theassociated
Â ó productiona relative ( Ì¯Ï % SM QCD anda relative (èÕ % SUSY

QCD effect; for the % -channel,a relative ( 50 % SM QCD anda negligible SUSY QCD component.
As a resultof the mentionedcalculations,oneknows the relative NLO effectsof both SM andSUSY
QCD.Themissingpartis theNLO electroweakeffect. Thishasbeencomputedfor thetwo mostrelevant
processes,i.e. the

Â
-channelandtheassociatedproduction.TheNLO calculationfor the % -channelis,

probably, redundantgiventhesmallsizeof therelatedcrosssection.It is, in any case,in progress.In this
sectionsomeof theresultsof thecompleteone-loopcalculationof theelectroweakeffectsin theMSSM
areshown for thetwo processes.More precisely, eightdifferent

Â
-channelprocesses(four for singletop

andfour for singleantitopproduction)wereconsidered.Theseprocessesaredefinedin Ref. [135]. For
theassociatedproduction,theprocessð ò Ã Â ó Ó (therateof thesecondprocess

ï ð ò}ÃñïÂ ó*) is thesame)
wasconsidered[136]. Thesecalculationshave beenperformedusingtheprogram+-,/.-0-, , which passed
threesevereconsistency testsdescribedin Refs.[135,136]. For theaim of this preliminarydiscussion,
in this sectiononly theobtainedvaluesof theintegratedcrosssectionsareshown, ignoringthe(known)
QCD effects. Theintegrationhasbeenperformedfrom thresholdto theeffective centreof massenergy
( é 1% ), allowed to vary up to a reasonableupperlimit of approximately1 TeV. Other informationsare
containedin Refs.[135,136].

Figs.2.13and2.14show theobtainednumericalresults.In Fig. 2.14(right) thediscussedNLO
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Fig. 2.14: Integratedcrosssectionsfor theassociatedproductionof a a singletopquark.

electroweakeffect wasaddedtheNLO SUSYQCD effect taken from Ref. [133]. Fromthefiguresthe
following mainconclusionscanbedrawn:

1. ThegenuineSUSYeffect in the
Â
-channelis modest.In themostfavourablecase,corresponding

to theATLAS DC2 pointSU6[137], it reachesa valueof approximatelytwo percent.

2. Theone-loopelectroweakSM effect in the
Â
-channelrateis large( ( 13 %). It is definitelylarger

thantheNLO SM QCD effect. Its inclusionin any meaningfulcomputationalprogramappearsto
bemandatory.

3. ThegenuineSUSYeffect in theassociatedproduction,if onelimits thecrosssectionobservation
to relatively low (andexperimentallysafefrom

Â ïÂ
background)energies(400-500GeV), canbe

sizable.In theSU6point,thecombined(samesign)SUSYQCDandelectroweakeffectscanreach
a relative tenpercenteffect.

4. ThepureelectroweakSM effect in theassociatedproductionis negligible.

From the previous remarks,onecanreachthe final statementthat, for what concernsthe virtual NLO
effectsof the MSSM, the two processes

Â
-channelandassociatedproductionappearto be,essentially,

complementary. In this spirit, a separateexperimentaldeterminationof thetwo ratesmight leadto non
trivial testsof themodel.

4.2 Anomaloussingle-topproduction in warped extra dimensions

RandallandSundrumhave proposedtheuseof a non-factorizablegeometryin five dimensions[138] as
asolutionof thehierarchyproblem.Theextradimensionis compactifiedonanorbifold ì â

2 Æ3
of radius4 sothatthebulk is asliceof Anti- deSitterspacebetweentwo four-dimensionalboundaries.Themetric

dependson thefivedimensionalcoordinate5 andis givenby

6 % 3 æ87 Ó 3:9/;=<?>A@CB�D 6FE
B 6GE D î 6 5 3IH (2.15)

where
E B

arethefour dimensionalcoordinates,Ë�ÞJ5 à æ8KL 5ML , with KN(8OQP characterizingthecurvature
scale. This metric generatestwo effective scales: OQP and ORPS7 ÓUTWVYX . In this way, valuesof 4 not
much larger thanthe Plancklength( K 4[Z Þ�Ì¯ÌÑî©Ì¯ã à ) canbe usedin order to generatea scale\ X ZOQP'7	ÓUT]V?X Z_^ Þa`cbFd à

on oneof theboundaries.

In theoriginalRandall-Sundrum(RS)scenario,only gravity wasallowedto propagatein thebulk,
with theSM fieldsconfinedto oneof theboundaries.Theinclusionof matterandgaugefieldsin thebulk
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hasbeenextensively treatedin theliterature[139–146]. TheHiggsfield mustbelocalizedon or around
the TeV branein order to generatethe weakscale. As it wasrecognizedin Ref. [143], it is possible
to generatethe fermion masshierarchyfrom eÑÞ�Ì à flavour breakingin the bulk massesof fermions.
Sincebulk fermionmassesresultin the localizationof fermionzero-modes,lighter fermionsshouldbe
localizedtowardthePlanckbrane,wheretheirwave-functionshaveanexponentiallysuppressedoverlap
with theTeV-localizedHiggs,whereasfermionswith orderoneYukawa couplingsshouldbe localized
toward the TeV brane. This constitutesa theoryof fermion masses,andit hasa distinct experimental
signalat theLHC, asdiscussedbelow.

Sincethe lightestKK excitationsof gaugebosonsarelocalizedtoward theTeV brane,they tend
to bestronglycoupledto zero-modefermionslocalizedthere.Thus,theflavour-breakingfermionlocal-
izationleadsto flavour-violating interactionsof theKK gaugebosons,particularlywith third generation
quarks.For instance,thefirst KK excitationof thegluon,will have flavour-violating neutralcouplings
suchas f�g ; â >B

Þ Â*È
Bih
g ïÄ�à , where

Ä ækj HFl .
In thissection,resultsof astudyof theflavour-violatingsignalsof thetopattheLHC arepresented,

following the work describedin Ref. [147]. The localizationof fermionsin the extra dimension,and
thereforetheir 4D massesand their couplingsto the KK gaugebosons,is determinedby their bulk
masses.We choosea rangeof parametersthat is consistentwith the observed fermion massesand
quark mixing, as well as low energy flavour and electroweak constraints. The implications for low
energy flavour physicswereconsideredin Refs. [148–150]. The bulk massesof the third generation
quarkdoubletis fixed,aswell asthat of the right-handedtop. The following rangeswereconsidered:l
þ m æon Ï¯Î;Í H Ï¯Î Öqp and

lsrt
æon î Ï¯Î Ö

H
Ï¯Î;ÌWp , wherethe fermion bulk masses

lsumwv t areexpressedin units of
the inverseAdS radius K . Sincethe latter is of the orderof the Planckscale,the fermion bulk mass
parametersmustbenaturallyof orderone.

Theonly couplingsthatarenon-universalin practicearethoseof the
Â t

,
Â m and ð m with theKK

gaugebosons.All otherfermions,includingtheright-handedb quarkmusthave localizationstowardthe
Planckbranein orderto gettheir smallmasses.Thenon-universalityof theKK gaugebosoncouplings
leadsto tree-level flavour violation. Thediagonalizationof thequarkmassmatrix requiresa changeof
basisfor thequarksfields. In theSM, this rotationleadsto theCKM matrix in thechargedcurrent,but
theuniversalityof thegaugeinteractionsresultsin theGIM mechanismin theneutralcurrents.However,
sincetheKK excitationsof thegaugebosonsarenon-universal,tree-level GIM-violating couplingswill
appearin thephysicalquarkbasis.

Thedominantnon-universaleffect is consideredascomingfrom thecouplingsof
Â t

,
Â m and ð m to

thefirst KK excitationof thegluon:
ò ryx

,
ò ryz

and
òq{ z

respectively. The ì}| Þ�ã à m bulk symmetryimpliesò r z æ òq{ z
. For theconsideredrangeof

l
þ m and

l rt
, thefollowing resultswereobtained:

ò r z æ ò~{ z æ�n Ì¯Î;Ï H ã¯Î��Wp ò~� (2.16)

and ò r x æ�n Ì¯Î;Ê H ÊWp ò~� H (2.17)

where
òq�

is theusual4D ì}| Þ�Í à�� coupling.Thelight quarksaswell astheright-handedb quarkhave

ò/�m^æ ò/�t æ ò {t Z î Ï¯Î;ã òq� H (2.18)

sothey are,in practice,universallycoupled,asmentionedabove.

Computingthewidth of the intermediateKK gluonwith the rangeof couplingsobtainedabove,
resultsin a rangeof �c�����C� Z Ï¯Î;Ï�Ö	OQ� and �����a�q� Z Ï¯Î;Í¯Ê�OR� . Then,it canbe seenthat the rangeof
valuesfor thecouplingsallow for rathernarrow or ratherbroadresonances,two very differentscenarios
from thepointof view of thephenomenology. Thisstrongcouplingof theKK gluonto thetop,will also
producea

Â ïÂ
resonance.Herewe concentrateon theflavour-violating signal,sincethepresenceof a

Â ïÂ
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resonancewill notconstituteproofof theflavour theorydueto thedifficulty in identifying resonancesin
thelight quarkchannels.

In the quarkmasseigen-basisthe left-handedup-typequarkscoupleto the KK gluon through
the following currents: | r�rmZÞ ïÂ m

h
g È B Â m à , | r �míÞ ïÂ m

h
g È B l m à and | r��mçÞ ïÂ m

h
g È B j m à . Similarly, the right-

handedup-typequarkscouplethrough | r�rt Þ ïÂ
t h
g È B Â

t à
, | r �t Þ ïÂ

t h
g È B l

t à
and | r��t Þ ïÂ

t h
g È B j

t à
. Here,| m and | t are the left-handedand right-handedup-typequark rotation matricesresponsiblefor the

diagonalizationof theYukawacouplingsof theup-typequarks.In whatfollows

| r��m Z�� � { Z Ï¯Î;Ï¯Ï�Ö
H

(2.19)

will beconservatively assumed,and | r �t and | r��t will betakenasfreeparameters.Sinceno separation
of charmfrom light jetsis assumed,we define

| r �t�� Þa| r �t à 3 êíÞa| r��t à 3 H
(2.20)

andthesensitivity of theLHC to thisparameterfor agivenKK gluonmassis studied.

Theseflavour-violating interactionscouldbedirectlyobservedby thes-channelproductionof the
first KK excitationof thegluonwith its subsequentdecayto atopandacharmor upquark.For instance,
at theLHC wecouldhave thereaction

ôkô Ã f g ; â >B Ã Â�Ä H
(2.21)

with
Ä æ�j HFl . Thus, the Randall-Sundrumscenariowith bulk matterpredictsanomaloussingle top

productionatavery high invariantmass,which is determinedby themassof theKK gluon.

In orderto reducethebackgrounds,only thesemi-leptonicdecaysof thetop quarkswereconsid-
ered: ô>ô Ã Â ïÄ Þ ïÂ�Ä�à Ã ð,öi)l÷F� ïÄ Þ ï ð*ö Ó ï÷F� Ä�à , whereöÑæ�7 or � , and

Ä æ[j HFl . Therefore,this signalexhibits
one ð -jet, onelight jet, achargedleptonandmissingtransverseenergy. Therearemany SM backgrounds
for this process.Thedominantoneis ôkô Ã ó*����� Ã öi�E÷~��� whereoneof the light jets is taggedas
a ð -jet. Thereis also ó � ð ï ð Ã ö � ÷ ð ï ð whereoneof the ð -jets is mistagged;singletop productionvia
ó î gluonfusionands-channeló*� , and

Â�ïÂ
productionat high invariantmass,mostlydominatedby the

flavour-conservingKK gluondecays.

Initially, the following jet andleptonacceptancecutswereimposed:ô/ õ¢¡ ã¯Ï GeV, L 5   L¤££ã¯Î;Ê ,
ô �õ¦¥ ã¯Ï¨§SbFd , L 5C�~Li© ã¯Î;Ê , ª1¶'�   ¥ Ï¯Î;Õ¯Í , ª#¶S�J� ¥ Ï¯Î;Õ¯Í , where� canbeeithera light or a ð -jet. In order
to furtherreducethebackgroundthefollowing additionalcutswerealsoimposed:

1. The invariant massof the systemformed by the lepton, the b taggedjet and the light jet was
requiredto bewithin awindow

O �'«¬J® î[ª¯©�O {   �°©±O �'«¬J® ê²ª (2.22)

aroundthe first KK excitation of the gluon mass.This cut ensuresthat the selectedeventshave
largeinvariantmasses,asrequiredby thelargemassof thes-channelobjectbeingexchanged.The
valuesof ª usedin thisstudyarepresentedin Table2.8.

2. Thetransversemomentumof thelight jet wasrequiredto belargerthanô/³y´]µ , i.e.,

ô  ·¶=¸º¹:» r ¥ ô/³y´]µ (2.23)

Sincethe light jet in the signal recoilsagainstthe top forming with it a large invariantmass,it
tendsto beharderthanthejetsoccurringin thebackground.Wepresentin Table2.8thevaluesfor
ô/³y´]µ usedin ouranalysis.
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Table 2.8: Cutsusedin theanalysis(seetext for details).

O � «¼¬J® (TeV) ª (GeV) ôC³y´]µ (GeV)
1 120 350
2 250 650

3. Theinvariantmassof thechargedleptonandthe ð -taggedjet wasalsorequiredto besmallerthan
250GeV: O { �'© ã¯Ê¯Ï GeV Î (2.24)

This requirementis always passedby the signal, but eliminatesa sizablefraction of the ó½���
background.It substitutesfor thefull top reconstructionwhentheneutrinomomentumis inferred,
which is notusedhere.

In Table 2.9 the crosssectionsfor signal and backgroundsfor OR� æ Ì TeV and ã TeV are
presented.The main sourcesof backgroundsare ó½��� and

Â ïÂ
production. The signal is obtainedfor| r �t æ Ì and neglecting the contributions from left-handedfinal states,correspondingto | r �m æ Ï .

Regardingthechoiceof bulk masses,thesearefixedto obtaintheminimumwidth which,asmentioned
above,canbeassmallas � � Z Ï¯Î;Ï�Ö	O � . 8

Table 2.9: Signalandbackgroundcrosssectionsfor a KK gluonof ¾À¿ »í½ TeV and Á TeV, after thesuccessive
applicationof the cutsdefinedin (2.22), (2.23) and(2.24). Efficienciesandb taggingprobabilitiesarealready
included. Â'Ã�ÄÅ »ý½ wasused.

Process OQ� æ Ì TeV OR� æ ã TeV
Ë î (2.22) Ë î (2.23) Ë î (2.24) Ë î (2.22) Ë1î (2.23) Ë1î (2.24)

ô>ô Ã Â � 148fb 103fb 103fb 5.10fb 2.18fb 2.18fb
ôkô Ã ó½��� 243fb 42.0fb 21.0fb 25.4fb 3.79fb 0.95fb
ô>ô Ã ó ð�ð 11.1fb 4.07fb 3.19fb 0.97fb 0.45fb 0.06fb
ôkô Ã Â ð 1.53fb 0.70fb 0.61fb 0.04fb 0.02fb 0.02fb
ô>ô Ã Â�ïÂ

44.4fb 15.1fb 14.2fb 1.60fb 0.29fb 0.24fb
ó ò

fusion 32.0fb 5.23fb 5.23fb 1.20fb 0.10fb 0.10fb

Table 2.10: Reachin Â°Ã�ÄÅ for variousintegratedluminosities.

OQ� [TeV] Í¯ÏqÆ�ð Ó�â Ì¯Ï¯ÏqÆ�ð Ó�â Í¯Ï¯ÏqÆ�ð Ó�â
1 0.24 0.18 0.14
2 0.65 0.50 0.36

In orderto evaluatethereachof theLHC, asignificanceof ÊcË for thesignalover thebackground
is required.For a givenKK gluonmassandaccumulatedluminosity, this canbetranslatedinto a reach
in theflavour-violating parameter| r �t definedabove. This is shown in Table2.10. It canbe seenthat
the LHC will be sensitive to tree-level flavour violation for KK gluon massesof up to at least ã TeV,
probingavery interestingregionof valuesfor | r �t . Thereachcanbesomewhatbetterif weallow for the
reconstructionof themomentumof theneutrinocomingfrom the ó decay, which typically reducesthe
ó½��� backgroundmoredrastically.

8Thestudyof broaderresonancesis left for futurework.
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Finally, weshouldpointout thataverysimilarsignalexistsin Topcolor-assistedTechnicolor[83],
wheretheKK gluonis replacedby theTopgluon,whichhasFCNCinteractionswith thethird generation
quarks[84]. The main differencebetweenthesetwo, is that the latter is typically a broadresonance,
whereastheKK gluoncouldbea rathernarrow one,asit wasshown above.

4.3 Non-standardcontributions to ÇCÈÇ production

In
Â ïÂ

eventsthe top quarksareproducedunpolarisedat the tree level. However, the
Â

and
ïÂ

spinsare
stronglycorrelated,whichallows to constructasymmetriesusingtheangulardistributionsof theirdecay
products.Thesespinasymmetriesaredependentonthetopspin.For thedecay

ÂáÃ ó*)3ð Ã öi)3÷vð
H Ä ïÄW& ð ,

theangulardistributionsof É æúöi) H ÷ H Ä H ïÄW& H ó*) H ð , in thetopquarkrestframearegivenby

Ì�
6 �6MÊ$ËqÌ�ÍWÎ æ Ì

ã Þ�Ì²ê[Ï ÎÐÊ$ËqÌ�ÍÑÎ à
(2.25)

with
ÍWÎ

being the anglebetweenthe three-momentumof É in the
Â

rest frameand the top spin di-
rection. In the SM the spin analysingpower ( Ï Î ) of the top decayproductsare Ï �$Ò æÓÏSÔ�sÕ æ Ì ,Ï D æÖÏ � æ î Ï¯Î;Í¯ã , ÏØ× Ò æ îÙÏ { æ Ï¯Î ÖvÌ at the treelevel [151] (

Ä
and

Ä &
arethe up- anddown-type

quarks,respectively, resultingfrom the ó decay). For the decayof a top antiquarkthe distributions
arethesame,with Ï ÔÎ æèîÙÏ Î aslong as Ú¨Û is conserved in thedecay. One-loopcorrectionsmodify
thesevaluesto Ï �sÒ æçÏ¯Î�ÜqÜq� , Ï'Ô�aÕ æèÏ¯Î�Ü¯Í , Ï D æçî Ï¯Î;Í¯Í , Ï � æçî Ï¯Î;Í¯Ì , ÏØ× Ò æçî¨Ï { æçÏ¯Î;ÍqÜ [152–154].
We point out that in thepresenceof non-vanishing � t ,

ò m or
ò t

couplingsthenumericalvaluesof the
constantsÏ Î aremodified,but thefunctionalform of Eq. (2.25)is maintained.We have explicitly cal-
culatedthemfor a generalÚ¨Û -conservingó Â ð vertex within thenarrow width approximation.Explicit
expressionscanbe found in Ref. [39]. Working in thehelicity basisthedoubleangulardistribution of
thedecayproductsÉ (from

Â
) and

ïÉ & (from
ïÂ
) canbewrittenasa functionof therelative numberof like

helicity minusoppositehelicity of the
Â ïÂ

pairs( Ú ) [155] thatmeasuresthespincorrelationbetweenthe
top quarkandantiquark.Its actualvaluedependsto someextenton thePDFsusedandthe Ý 3 scaleat
which they areevaluated.UsingtheCTEQ5LPDFs[44] and Ý 3 æ 1% , (where 1% is thepartoniccentreof
massenergy), we find Úûæ Ï¯Î;Í¯Ì¯Ï . At theoneloop level, Úûæ Ï¯Î;Í¯ã¯ÕIÞíÏ¯Î;Ï¯Ì¯ã [154].

UsingthespinanalysersÉ ,
ïÉ & for therespective decaysof

Â
,
ïÂ
, onecandefinetheasymmetries

ß Î ÔÎ Õ �áà Þ Ê$ËqÌ�ÍÑÎâÊ$ËqÌ�Í ÔÎ Õ ¡ Ï à î à Þ Ê$ËqÌ�ÍWÎâÊ$ËqÌ�Í ÔÎ Õ £ Ï àà Þ Ê$ËqÌ�ÍÑÎâÊ$ËqÌ�Í ÔÎ Õ ¡ Ï à ê à Þ Ê$ËqÌ�ÍWÎâÊ$ËqÌ�Í ÔÎ Õ £ Ï à
H

(2.26)

whosetheoreticalvalueis ß Î ÔÎ Õ æ Ì
Ö ÚãÏ Î Ï ÔÎ Õ Î (2.27)

The angles
Í Î

,
Í ÔÎ Õ are measuredusing as spin axis the parenttop (anti)quarkmomentumin the

Â ïÂ
CM system.If Ú¨Û is conserved in thedecay, for charge conjugatedecaychannelswe have Ï Î Õ Ï ÔÎ æÏ Î Ï ÔÎ Õ , so theasymmetries

ß Î Õ ÔÎ æ ß Î ÔÎ Õ areequivalent. Therefore,we cansumbothchannelsand
dropthesuperscriptsindicatingthecharge,denotingtheasymmetriesby

ß �ä� Õ , ß D � Õ , etc. In semileptonic
topdecayswecanselectasspinanalyserthechargedlepton,whichhasthelargestspinanalysingpower,
or theneutrino,asproposedin Ref. [156]. In hadronicdecaysthe jetscorrespondingto up- anddown-
typequarksarevery difficult to distinguish,andonepossibilityis to usetheleastenergetic jet in thetop
restframe,which correspondsto thedown-typequark61%of thetime,andhasa spinanalysingpowerÏ   æ Ï¯Î Ö�Ü at thetreelevel. An equivalentpossibility is to choosethe

6
-jet by its angulardistribution in

the ó Ó restframe[157]. In bothhadronicandleptonicdecaysthe ð (
ï ð ) quarkscanbeusedaswell.

In thelepton ê jetsdecaymodeof the
Â�ïÂ

pair,
Â�ïÂ Ã ö�÷vðå�?� ï ð we choosethetwo asymmetries

ß �   ,ß D   , for which we obtaintheSM tree-level values
ß �   æèî Ï¯Î;Ï¯Í¯×¯Õ ,

ß D   æèÏ¯Î;Ï¯Ì¯ã¯Ï . With theprecision
expectedat LHC [46,158], themeasurements

ß �   Z î Ï¯Î;Ï¯Í¯×¯ÕÙÞ Ï¯Î;Ï¯Ï¯Êq� , ß D   Z Ï¯Î;Ï¯Ì¯ã¯ÏãÞ Ï¯Î;Ï¯Ï¯Ê¯Õ are
feasible( ù¥æ Ì¯Ï fb Ó�â ). Thedependenceof theseasymmetrieson anomalousó Â ð couplingsis depicted
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Fig. 2.15: Dependenceof several spin correlationasymmetrieson the couplings# Å , #Yæ and ç Å , for the è�é -
conservingcase.

in Fig.2.15from Ref.[39]. In thedi-leptonchannel
Â�ïÂáÃ ö¯÷ ð,ö & ÷ ï ð theasymmetries

ß �J� Õ , ß D � Õ , whoseSM
valuesare

ß �ä� Õ æèî Ï¯Î;Ï¯×¯×¯Ê ,
ß D � Õ æèÏ¯Î;Ï¯ã�Öv× , areselected.Theuncertaintyin their measurementcanbe

estimatedfrom Refs.[46,158], yielding
ß �ä� Õ æ î Ï¯Î;Ï¯×¯×¯ÊêÞíÏ¯Î;Ï¯Ï¯Õ¯Ï and

ß D � Õ æ©Ï¯Î;Ï¯ã�Öv×ëÞ Ï¯Î;Ï¯Ïq�¯× . Their
variationwhenanomalouscouplingsarepresentis shown in Fig. 2.15. We alsoplot the asymmetriesß ¶ { , ß {�{ , which canbe measuredeitherin thesemileptonicor di-leptonchannel.Their SM valuesareß ¶ { æ Ï¯Î;Ï¯Í¯Ì�Ö ,

ß {�{ æ î Ï¯Î;Ï¯Ì¯ãq� , but theexperimentalsensitivity hasnot beenestimated.It is expected
thatit maybeof theorderof 10%for

ß ¶ { , andworsefor
ß {�{

. Thedeterminationof thecorrelationfactor
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Ú from theseasymmetrieswould eventuallygive

ß �ä� Õ Ã Ú æ Ï¯Î;Í¯Ì¯Ï	Þ Ï¯Î;Ï¯ã�Ö (exp) )-ì �Ó ì � ìaì Ô�þ Þaí � t à ) âaî�â ìYïiðÓ\þ�î�â ì ïiñ Þaí ò m à )·ò î�â ìYïiñÓ ì � ìaìaì Ô Þaí ò t à H
ß �   Ã Ú æ Ï¯Î;Í¯Ì¯Ï	Þ Ï¯Î;Ï�ÖvÊ (exp) )-ì �Ó ì � ìaìaóaô Þaí � t à )-ì � ìaìaì âÓ ì � ìaìaìaô Þaí ò m à )-ì � ìaìaì ÔÓ ì � ìaìaìaõ Þaí ò t à Î (2.28)

Thefirst errorquotedcorrespondsto theexperimentalsystematicandstatisticaluncertainty. Theother
onesaretheoreticaluncertaintiesobtainedvarying theanomalouscouplings,oneat a time. Theconfi-
dencelevel correspondingto the intervals quotedis 68.3%. Thenumericalcomparisonof thedifferent
termsin Eq. (2.28)alsoshows that

ß �   and
ß �ä� Õ aremuchlesssensitive to non-standardtop couplings

thanobservablesindependentof thetopspin(seesection2.1).

It is alsointerestingto studythe relative distribution of onespin analyserfrom the
Â

quarkand
otherfrom the

ïÂ
. Let ö Î ÔÎ Õ betheanglebetweenthethree-momentumof É (in the

Â
restframe)andofïÉ & (in the

ïÂ
restframe).Theangulardistribution canbewrittenas[154]:

Ì
Ë

6 Ë6MÊ$ËqÌ ö Î ÔÎ Õ æ Ì
ã Þ�Ìøê[÷½Ï Î Ï ÔÎ Õ Ê$ËqÌ ö Î ÔÎ Õ à H (2.29)

with ÷ a constantdefinedby this equality. From simulations,the tree-level value ÷ æ î Ï¯Î;ã¯Ì¯× is
obtained,while at oneloop ÷Iæ î Ï¯Î;ã¯Íq� [154], with a theoreticaluncertaintyof ( Ö %. Corresponding
to thesedistributions,thefollowing asymmetriescanbebuilt:

øß Î ÔÎ Õ �ùà Þ Ê$ËqÌ ö Î ÔÎ Õ ¡ Ï à î à Þ Ê$ËqÌ ö Î ÔÎ Õ £ Ï àà Þ Ê$ËqÌ ö Î ÔÎ Õ ¡ Ï à ê à Þ Ê$ËqÌ ö Î ÔÎ Õ £ Ï à æ Ì
ã ÷ÀÏ Î Ï ÔÎ Õ Î (2.30)

For chargeconjugatedecaychannelsthedistributionscanbesummed,sinceÏ Î Õ Ï ÔÎ æ�Ï Î Ï ÔÎ Õ providedÚ¨Û is conserved in the decay. The dependenceof theseasymmetries
øß Î ÔÎ Õ on anomalouscouplings

is (within theproduction Ð decayfactorisationapproximation)exactly thesameasfor theasymmetriesß Î ÔÎ Õ definedabove. Simulationsareavailablefor
ß �   and

ß �ä� Õ , whosetheoreticalSM valuesare
ß �   æ

Ï¯Î;Ï¯Ê¯ã¯× ,
ß �ä� Õ æ Ï¯Î;Ì¯Ïq�¯Ê . Theexperimentalprecisionexpected[46,158] is

ß �   Z Ï¯Î;Ï¯Ê¯Ê�ÖMÞ¼Ï¯Î;Ï¯Ï¯Õ¯Ì ,
ß �ä� Õ Z

Ï¯Î;Ì¯Ïq�q�êÞ Ï¯Î;Ï¯Ï¯Ê¯Õ . This precisionis betterthanfor
ß �   and

ß �   , respectively, but still not competitive in
thedeterminationof the ó Â ð vertex structure.9 Instead,we canusethemto testtop spin correlations.
Fromtheseasymmetriesonecanextractthevalueof ÷ , obtaining

ß �ä� Õ Ã ÷ æ î Ï¯Î;ã¯Ì¯×IÞ Ï¯Î;Ï¯Ì¯Ì (exp) )-ì � ìaì þ9âÓ ì � Þaí � t à ) 3 î�â ì ïqñÓ ô î�â ì ïqñ Þaí ò m à )-ì � ìaìaì þÓ ì � Þaí ò t à H
ß �   Ã ÷ æ î Ï¯Î;ã¯Ì¯×IÞ Ï¯Î;Ï¯ã�Ö (exp) )-ì � ìaì Ô òÓ ì � Þaí � t à )-ì � ìaìaìaóÓ õ î�â ì ïqñ Þaí ò m à )-ì � ìaìaì ÔÓ ó î�â ì ïið Þaí ò

t à Î (2.31)

Theerrorsquotedcorrespondto theexperimentalsystematicandstatisticaluncertainties,andthevari-
ation when one of the anomalouscouplingsis allowed to be nonzero. From Eqs. (2.28) and (2.31)
it is clear that the measurementof spin correlationsis a cleanprobefor new

Â ïÂ
productionprocesses,

independentlyof possibleanomalousó Â ð couplings.This is possiblebecausethesensitivity of spincor-
relationasymmetriesto top anomalouscouplingsis muchweaker thanfor helicity fractionsandrelated
observables,discussedin section2.1.

9Exceptfor thecaseof fine-tunedcancellations,seeRef. [47].
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Chapter 3

Flavour violation in supersymmetricmodels

M. Klasen,N. Krasnikov, T. Lari, W. Porod,andA. Tricomi

1 Intr oduction

TheSM explainssuccessfullytheobservedflavourviolatingphenomenaexceptthatfor theobservationin
theneutrinosectoronehasto extendit by introducingeitherright-handedneutrinosor additionalscalars.
This impliesthatextensionsof theSM with additionalflavour structuresareseverelyconstrainedby the
wealthof existing datain the flavour sector. Supersymmetrycontains,aswe will seebelow, various
sourcesof additionalflavour structures.Therefore,thequestionarisesif therecanstill be large flavour
violating effectsin theproductionanddecaysof supersymmetricparticlesdespitethestringentexisting
constraints.

Everysupersymmetricmodelis characterizedby aKählerpotential,thesuperpotentialó andthe
correspondingsoft SUSYbreakingLagrangian(seee.g.[159] andrefs. therein).Thefirst describesthe
gaugeinteractionandtheothertwo Yukawa interactionsandflavour violation. As theKählerpotential
in generaldoesnot containflavour violating termswe will not discussit further. The most general
superpotentialcontainingonly the SM fields andbeingcompatiblewith its gaugesymmetry f É/ú æ
ì}|ÑÞ�Í à�� ÐÒì}|ÑÞ�ã à m Ðû|ÑÞ�Ì à�ü is givenas[160,161]:

ó æ óýúüÉWÉCú êíó
t þÿ H

(3.1)

óýúüÉWÉCú æ � �¸  1ù ¸ 1
��� 1� �  ê�� �¸º  1Ý ¸ 1

��� 1÷ �  ê�� 	¸º  1
� � 1Ý ¸ 1|

�
  îû� 1��� 1� � H (3.2)

ó
t þÿ æ Ì

ã

 ¸º  T 1ù ¸ 1ù   1�

�
T ê 
 &

¸º  T 1ù ¸ 1Ý   1÷
�
T ê Ì

ã

 & &
¸º  T 1|

�
¸ 1÷
�
  1÷
�
T ê�� ¸ 1ù ¸ 1� �

H
(3.3)

where� H � H K æ Ì
H
ã
H
Í aregenerationindices. 1ù ¸ ( 1Ý ¸ ) arethelepton(quark) ì}|ÑÞ�ã à m doubletsuperfields.1� �  ( 1÷ � 

H 1| �  ) are the electron(down- and up-quark) ì}| Þ�ã à m singlet superfields. � �¸º  , �
�
¸º  , �

	
¸º  ,

 ¸  T ,
 &

¸  T , and

 & &
¸º  T aredimensionlessYukawa couplings,whereasthe � ¸ aredimensionfulmassparameters.

Gaugeinvarianceimpliesthatthefirst termin ó
t þÿ is anti-symmetricin �� H ��� andthethird oneis anti-

symmetricin W� H K�� . Equation(3.3) thuscontainsÜøê ã¯× ê½Ü êëÍüæ Ö�� new termsbeyondthoseof the
Minimal SupersymmetricStandardModel (MSSM). At the level of thesuperpotentialonecanactually
rotatethe Þ 1��� H 1ù ¸ à by an ì}|ÑÞ�Ö à transformation,sothatthe � ¸ canbesetto zero.However, asdiscussed
below, this cannotbe donesimultaneouslyfor the correspondingsoft SUSY breakingtermsand,thus,
we keepthemfor themomentasfreeparameters.ThesoftSUSYbreakingpotentialis givenby

� ��� u r æ � úüÉ>É/ú v ��� u r ê � t þÿ v ��� u r H (3.4)� úüÉWÉCú æ O 3mwv ¸º 
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ø| ¸
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ø÷ ¸
ø÷ � êÙO 3� ����� �� ê[O 3� � � � �� îíÞJ��� ����� � ê��ÁÎ l Î à

ê Þ
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¸º 
øù ¸ ���
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¸º 
øÝ ¸ ���

ø÷   ê
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¸º 
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ø|   ê��ÁÎ
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Î à
H

(3.5)

� t þÿ v ��� u r æ Ì
ã
h��
¸º  T
øù ¸
øù  
ø� �T ê

h�� Õ¸  T
øù ¸
øÝ  
ø÷ �T ê Ì

ã
h�� Õ Õ¸  T

ø| ¸
ø÷  
ø÷ T ê�� ¸ � ¸

øù ¸ � � ê��ÁÎ l Î (3.6)

ThemassmatricesO 3� ( �çæ�ù
H � H Ý H | H ÷ ) are Í·Ð Í hermitianmatrices,whereasthe

h �
aregeneral

Í#Ð¥Í and Í1Ð¥Í#Ð¥Í complex tensors.Obviously, the

h �
¸º  T (

h � Õ Õ¸º  T ) have to be antisymmetricin thefirst
(last) two indicesdueto gaugeinvariance.In models,wheretheflavour violating termsareneglected,
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the

h �
¸º  termsareusuallydecomposedinto thefollowing products

h �
¸º  æ ß �

¸º  �
�
¸º  andanalogouslyfor the

trilinear terms.

The simultaneousappearanceof leptonandbaryonnumberbreakingtermsleadsin generalto a
phenomenologicalcatastropheif all involvedparticleshavemassesof theorderof theelectroweakscale:
rapidprotondecay[160,161]. To avoid thisproblemadiscretemultiplicative symmetry, calledR-parity
( ¶ � ), hadbeeninvented[162] whichcanbewrittenas

¶ �ßæ Þ�î"! à þ$# ) m ) 3 É H (3.7)

whereì is thespinof thecorrespondingparticle.Forall superfieldsof MSSM,theSM fieldhas¶%�ßæûê Ì
andits superpartnerhas ¶ � æ£î Ì , e.g.theelectronhas ¶ � æ ê Ì andtheselectronhas ¶ � æ£î Ì . In
this way all termsin Eq. (3.3) areforbiddenandoneis left with the superpotentialgiven in Eq. (3.2).
To prohibit proton decayit is not necessaryto forbid both type of termsbut it is sufficient to forbid
eithertheleptonor thebaryonnumberviolatingterms(seee.g.[163,164]),e.g.thebaryonnumberterms
canbe forbiddenby baryontriality [165]. Anotherpossibility would be to breakleptonnumberand
thusR-parityspontaneouslyasdiscussedbelow. This requires,however, anenlargementof theparticle
content.

1.1 The MSSM with R-parity conservation

The existenceof thesoft SUSY breakingtermsimplies that fermionsandsfermionscannotbe rotated
by thesamerotationmatricesfrom theelectroweakbasisto themasseigenbasis.It is veryconvenientto
work in thesuper-CKM basisfor thesquarksandto assumethat � � is diagonalandrealwhich canbe
donewithout lossof generality. In thiswaytheadditionalflavourviolation in thesfermionsectoris most
apparent.In this way, theadditionalflavour violation is encodedin themassmatricesof thesfermions
which readas(seealsosection16 of [166]):

O 3 &u æ O 3m-m O 3('t mO 3t m O 3t¤t
H

(3.8)

wheretheentriesare Í·ÐÒÍ matrices.They aregivenby

O 3m-m æ ) ' 1O 3� ) ê+* 3 � ê[÷ � m/m H (3.9)

O 3t m æ , � 1
h 	 î�� � * � Ê$Ë�-/. (3.10)

O 3t¤t æ 1O 3	 ê0* 3 � ê[÷ � t¤t (3.11)

for j -typesquarksin thebasisÞ øj m H øl m H øÂ m H øj t H øl t H øÂ t à
. ) is the Ú1)ûO matrixandwe have defined

1O 3� � � '� O 3 &� � � (3.12)

where � � is themixing matrix for the left
6
-quarks. 1

h 	
and 1O 3	 aregivenby a similar transformation

involving themixing matrix for left- andright-handedu-quarks.Thesametypeof notationwill bekept
below for

6
squarksandsleptons.Finally, the ÷ -termsaregivenby

÷ u m/m·v tØt æ Ê$ËqÌ ã . O 32
h
þu î[Ý u Ì43 5 3 Í × Ì76�Î (3.13)

Theentriesfor
6
-typesquarksreadin thebasisÞ ø6 m H ø% m H ø ð m H ø6 t H ø% t H ø ð t à

. as

O 3m-m æ 1O 3� ê8* 3 � ê[÷ � m/m H (3.14)

O 3t m æ , � 1
h � îû� � * � -(9�5:. (3.15)

O 3tØt æ 1O 3� ê0* 3 � ê[÷ � tØt Î (3.16)
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For thechargedsleptonsonefindsin thebasisÞ ø7 m H ø� m H ø; m H ø7 t H ø� t H ø; t à
O 3m-m æ 1O 3m ê+* 3 ¶ ê[÷ ¶ m/m

H
(3.17)

O 3t m æ , � 1
h � îû� � * ¶ -(9�5<.

H
(3.18)

O 3tØt æ 1O 3� ê+* 3 ¶ ê ÷ ¶
tØt

Î (3.19)

Assumingthatthereareonly left-typesneutrinosonefindsfor themin thebasisÞ ø÷>= m H ø÷ B m H ø÷>? m à themass
matrix

O 3m-m æ 1O 3m ê[÷ D m-m Î (3.20)

For sleptonstherelevant interactionLagrangian,e.g.not consideringthesleptonHiggsor slepton
gaugebosoninteractions,for thestudiesbelow is givenin termsof masseigenstatesby:@ æ ïö ¸ Þ

l m
¸ T�A Û m ê

l t
¸ TBA Û

t à øC ì T
øö A ê ïö ¸ Þ 6 m¸º¶=  Û m ê 6 t

¸º¶=  Û
t à øC Ó¶

ø÷   ê ï÷ ¸ 7
t
¸ T   Û

t øC ì T ø÷  ê ï÷ ¸ Æ
t
¸º¶ A Û

t øC )¶
øö A ê+DEÎ Ê ÎWÎ (3.21)

Thespecificformsof thecouplings
l m
¸ TBA ,

l t
¸ T�A ,

6 m
¸º¶=  ,

6 t
¸¶¼  , 7

t
¸ T   and Æ

t
¸¶ A canbefound in [167]. Thefirst

two termsin Eq. (3.21) give rise to the LFV signalsstudiedhere,whereasthe last onewill give rise
to the SUSY backgroundbecausethe neutrinoflavour cannotbe discriminatedin high energy collider
experiments.In particularthefollowing decaysareof primaryinterest:E FHGJI FHK ELNMO (3.22)ELPMO I EF G F K

(3.23)EL M O I F G F K EL M Q (3.24)

Several studiesfor thesedecayshave beenperformedassumingeither specifichigh-scalemodelsor
specifyingtheLFV parametersat thelow scale(seefor instancerefs.[114,121,168–189]).

PerformingMonteCarlostudiesonthepartonlevel it hasbeenshown thatLHC canobserveSUSY
LFV by studyingthe LFV decaysof the secondneutralino

EL MR arisingfrom cascadedecaysof gluinos
andsquarks,i.e.

EL MR ISETUTBV I T�VWTBV V EL M X : signalsof SUSYLFV canbeextracteddespiteconsiderableback-
groundsandstringentexperimentalboundson flavour violating leptondecaysin caseof two generation
mixing in eithertheright or left sleptonsectorin themSUGRAmodel[190–192]. The

EY[Z0\ E]^Z mixing
casewasstudiedin [190,192] andthe

E]^_`\ Ea _ mixing casein [191].

In the (s)quarksectorone hasto analoguedecaysas the onesgiven in Eqs. (3.22)–(3.24). In
additiontherearedecaysinto charginosandgluinosif kinematicallyallowed. Flavour effects in these
decayshasfirst beendiscussedin [193]. Thereit hasbeenshown thatonecanhave largeeffectsin squark
andgluinodecaysdespitestringentconstraintsfrom B-mesonphysicsasdiscussedin theWG2 part . In
addition, flavour mixing in the squarksectorcan induceflavour violating decaysof Higgs bosonsas
e.g. b M Idc�e

[115].

In thediscussionwe have consideredso far modelswheretheparametersarefreely given at the
electroweak scale. The fact that no flavour violation in the quarksectorhasbeenfound beyond SM
expectationshasled to thedevelopmentof theconceptof minimal flavour violation (MFV). Thebasic
ideais thatat a givenscalethecompleteflavour informationis encodedin theYukawa couplings[194],
e.g.that in a GUT theorytheparametersat theGUT scalearegivenby f Rgih f RMkj7l and m g hon M�prq
with f M and n M beingarealandacomplex number, respectively. In suchmodelsit hasbeenshown that
thebranchingratiosfor flavour violating squarkdecaysarevery smallandmostlikely not observableat
LHC [195]. A similar concepthasbeendevelopedfor (s)leptons[196,197]. In contrastto the squark
sectoronehaslarge mixing effects in the neutrinosectorwhich can lead to observable effects in the
sleptonsectorat futurecolliderexperiments[198] (seefor examplethe contribution by Deppischand
Rückl in WG3).
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1.2 The MSSM with broken R-parity

Recentneutrinoexperimentshave shown that neutrinosaremassive particleswhich mix amongthem-
selves (for a review seee.g. [199]). In contrastto leptonsand quarks,neutrinosneednot be Dirac
particlesbut canbe Majoranaparticles. In the latter casethe Lagrangiancontainsa massterm which
violatesexplicitly leptonnumberby two units. This motivatesoneto allow theleptonnumberbreaking
termsin thesuperpotentialin particularasthey automaticallyimply theexistenceof massive neutrinos
without theneedof introducingright-handedneutrinosandexplainingtheir masshierarchies[200]. ThestV V

termscanstill beforbiddenby adiscretesymmetrysuchasbaryontriality [201].

Let us briefly commenton thenumberof freeparametersbeforediscussingthephenomenology
in moredetail. The last termin Eq. (3.3), uv K ub�w , mixesthe leptonandtheHiggssuperfields.In super-
symmetry uv K and ub�x have thesamegaugeandLorentzquantumnumbersandwecanredefinethemby a
rotationin y<ub�x{zPuv K�| . Theterms} K uv K ub w canthenberotatedto zeroin thesuperpotential[200]. However,
therearestill thecorrespondingtermsin thesoft supersymmetrybreakingLagrangian

~ Zk���� ������� h�� K } K Ev K b w (3.25)

which canonly berotatedaway if � K h�� and f R� � h f R_ � K [200]. Suchanalignmentof thesuperpo-
tential termswith thesoft breakingtermsis not stableundertherenormalizationgroupequations[202].
Assuminganalignmentat theunificationscale,theresultingeffectsaresmall [202] exceptfor neutrino
masses[202–206]. Modelscontainingonly bilinear termsdo not introducetrilinear termsascaneasily
be seenfrom the fact thatbilinear termshave dimensionmasswhereasthe trilinear aredimensionless.
For this reasonwe will keepin the following explicitly thebilinear termsin thesuperpotential.These
couplingsinducedecaysof theLSPviolating leptonnumber, e.g.E� I ���� z F��PF�� z � ��E F�I F�� � z ���� VEL M X I ���^F�� z�� � KEL M X I F � ���� V z ���� � K z F��NF�� � K

(3.26)

How largecanthebranchingratio for thosedecaymodesbe?To answerthis questiononehasto
take into accountexistingconstraintsonR-parityviolatingparametersfrom low energy physics.As most
of themaregiven in termsof trilinear couplings,we will work for this particularconsiderationsin the
“ } -less”basis,e.g.rotateaway thebilineartermsin thesuperpotentialEq. (3.3). Therefore,thetrilinear
couplingsgetadditionalcontributions. Assuming,without lossof generality, that the leptonanddown
typeYukawa couplingsarediagonalthey aregivento leadingorderin } K�� ] as[201,207,208]:

s V K�G O I s V K�G O���  G O p x(¡ }
K
] (3.27)

and

s K¢G O I s K�G O ��  s K¢G O z (3.28)  s X R X h p{£ } R] z   s X R¤R h p{¥ } X] z   s X R¤¦ h�§
  s X ¦ X h p £ } ¦] z   s X ¦¤R h�§ z   s X ¦¤¦ h p{¨ } X]
  s R¤¦ X hi§ z   s R¤¦¤R h pt¥ } ¦] z   s R¤¦¤¦ h p ¨ } R]

wherewehaveusedthefactthatneutrinophysicsrequires© } K�� ] ©�ª j [206]. An essentialpoint to notice
is that the additionalcontributions in Eqs.(3.27)and(3.28) follow thehierarchydictatedby thedown
quarkandchargedleptonmassesof thestandardmodel.
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A comprehensive list of boundson variousR-parity violating parameterscanbe found in [209].
However, therethe recentdatafrom neutrinoexperimentslike Super-Kamiokande[210], SNO [211]
andKamLAND [212] arenot taken into account.Theseexperimentsyield strongboundson trilinear
couplingsinvolving the third generation[213,214]. In additionalsothesneutrinovevs areconstrained
by neutrinodata[206,213]. Most of the trilinear couplingshave a boundof theorder y j § � R \ j § � X |N«¬®� � y j §�§ GeV) where ¬®� is the massof the sfermionin the processunderconsiderations.The cases

with strongerlimits are: © s V X¤X¤X ©�¯ °²±³y j § ��´ | dueto neutrino-lessdoublebetadecayand © s K ¦¤¦ ©�µ�¶/© s V K ¦¤¦ ©�µ±1y j § ��´ | due to neutrinooscillation data. Moreover, neutrinooscillation dataimply © ] R y¸· R X � · RR �· R¦ |¤�º¹�»>¼ y¸½¿¾tÀ | ©�¯ ° j § � X R where· K arethesneutrinovevsand
¹�»>¼ y¸½¿¾�À | is thedeterminantof theMSSM

neutralinomassmatrix.

Thereexistsa vastliteratureon theeffectsof R-parityviolation at LHC [215–221]. However, in
mostof thesestudies,in particularthoseconsideringtrilinear couplingsonly, very often the existence
of a single couplinghasbeenassumed.However, suchan assumptionis only valid at a given scale
asrenormalizationeffects imply that additionalcouplingsarepresentwhengoing to a differentscale
via RGEevolution. Moreover, very oftentheboundsstemmingfrom neutrinophysicsarenot takeninto
accountorareout-dated(e.g.assuminganMeV tauneutrino).Lastbutnotleastoneshouldnote,thatalso
in this classof modelstherearepotentialdarkmattercandidates,e.g.avery light gravitino [222–225].

Recentlyanotherclassof modelswith explicitly broken R-parity hasbeenproposedwherethe
basicideais that the existenceof right handedneutrinosuperfieldsis the sourceof the ] -term of the
MSSM aswell as the sourceor neutrinomasses[226]. In this casethe superpotentialcontainsonly
trilinear terms.BesidetheusualYukawacouplingsof theMSSMthefollowing couplingsarepresent:

�ÂÁ�Ã h p
ÁK�G ub w<uv K u�ÅÄG \ s K u�ÅÄK ub�x ub w � jÆ^Ç K�G O u�ÅÄK u�ÅÄG u�ÅÄO (3.29)

Note, that (i) thesecondandthird termbreakR-parityandthat thesneutrinofieldsplay the role of the
gaugesingletfield of theNext to Minimal SupersymmetricStandardModel (NMSSM) [227–230].

1.3 SpontaneousR-parity violation

Up to now wehaveonly consideredexplicit R-parityviolationkeepingtheparticlecontentof theMSSM.
In thecasethatoneenlargesthespectrumby gaugesingletsonecanobtainmodelswhereleptonnumber
and,thus,R-parityis brokenspontaneouslytogetherwith È�É1y¤Ê |�Ë É1y j | [231–235]. A secondpossibility
to breakR-parityspontaneouslyis to enlargethegaugesymmetry[236].

The most generalsuperpotentialtermsinvolving the MSSM superfieldsin the presenceof theÈÌÉ³y¤Ê |�Ë É1y j | singletsuperfieldsy � ÄK z È K z Í | carryingaconservedleptonnumberassignedas y \ j z j z § | ,
respectively, is givenas[237]

Î h�ÏÑÐUÒ p
K�G
q Ó ÐK É G b Òw � p

K�GÔ Ó ÒK Õ G b Ðx � p
K�GÖ v ÒK × G b Ðx � p

K�GÁ v ÐK � ÄG b Òw \ u] b Ðx b Òw \ p M b Ðx b Òw Í
� p

K�G
Í � ÄK È G � f

K¢GZ � ÄK È G � jÊ fÙØ Í
R � sÆ�Ú Í ¦ (3.30)

The first threetermstogetherwith the u] term definethe R-parity conservingMSSM, the termsin the
secondline only involve the ÈÌÉ1y¤Ê |ÛË É1y j | singletsuperfieldsy � ÄK z È K z Í | , while the remainingterms
couplethe singletsto the MSSM fields. For completenesswe notethat leptonnumberis fixed via the
Dirac-Yukawa p Á connectingtheright-handedneutrinosuperfieldsto theleptondoubletsuperfields.For
simplicity we assumein thediscussionbelow thatonly onegenerationof y � ÄK z È K�| is present.

The presenceof singletsin the model is essentialin order to drive the spontaneousviolation of
R-parityandelectroweaksymmetriesin aphenomenologicallyconsistentway. As in thecaseof explicit
R-parity violation all sneutrinosobtain a vev besidethe Higgs bosonsaswell as the

EÈ field and the
singletfield Í . For completenesswe want to notethat in the limit whereall sneutrinovevs vanishand
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all singletscarryingleptonnumberarevery heavy oneobtainstheNMSSM asaneffective theory. The
spontaneousbreakingof R-parity alsoentailsthe spontaneousviolation of total leptonnumber. This
implies that oneof the neutralCP–oddscalars,which we call Majoron Ü andwhich is approximately
givenby theimaginarypartofK · RK~ · R y¸· w b Mw \ ·ÅxÅb Mx

| � K · K~ E� K � ·�Ý~ È \ · Z~ E� Ä (3.31)

remainsmassless,asit is theNambu-Goldstonebosonassociatedto thebreakingof leptonnumber. · Z
and ·ÅÝ are the vevs of

E� Ä and
EÈ , respectively and

~ h · RZ � · RÝ . Clearly, the presenceof these
additionalsingletsenhancesfurther the numberof neutralscalarand pseudo-scalarbosons. Explicit
formulasfor themassmatricesof scalarandpseudo-scalarbosonscanbefounde.g.in [238].

Thecaseof anenlargedgaugesymmetrycanbeobtainedfor examplein left-right symmetricmod-
els,e.g.with thegaugegroup ÈÌÉ1y¤Ê | _ßÞ ÈÌÉ³y¤Ê | Z Þ É³y j |�à � _ [236]. Thecorrespondingsuperpotential
is givenby: � h ptá(â Ó�ã_rä a R å Ó ÄZ � p ¾ â Ó<ã_rä a R L Ó ÄZ� p{á _ v ã_ ä a R å v ÄZ � p ¾ _ v ã_ ä a R L v ÄZ � pÅæ v Ä ãZ ä a R ç v ÄZ�è] XUé/ê y ä a R å ã ä a R L | �+] R é�ê y ç   | z (3.32)

wheretheHiggssectorconsistsof two triplet andtwo bi-doubletHiggs superfieldswith the followingÈÌÉ³y¤Ê | _+Þ È�É1y¤Ê | Z Þ É1y j |�à � _ quantumnumbers:

ç h ç � ��ë Ê ç Mç �ì� \ ç �^� ë Ê ° yUí�z$îkz \ Ê | z
  h   � ��ë Ê   �ì�  M \   � � ë Ê ° yUí�z$îkzïÊ | z
å h å M X å �Xå �R å MR ° yUðñz4ð�z § | z L h L M X L �XL �R L MR ° yUðñz4ðñz § |¤ò (3.33)

Looking at thedecaysof theHiggsbosons,onehasto distinguishtwo scenarios:(i) Leptonnumberis
gaugedandthusthe Majoron becomesthe longitudinalpart of an additionalneutralgaugeboson. (ii)
TheMajoronremainsa physicalparticlein thespectrum.In thecaseof theenlargedgaugegroupthere
areadditionaldoubly chargedHiggs bosonsb �ì�K which have leptonnumberviolating couplings. InY � Y � collisionsthey canbeproducedaccordingto

Y � Y � I b �ì�K (3.34)

andhave decaysof thetype

b �ì�K I b �G b �O (3.35)

b �ì�K I F �G F �O (3.36)

b �ì�K I E F �G E F �O ò (3.37)

In additionthereexist doublychargedcharginoswhichcanhave leptonflavour violatingdecays:

EL �ì�K I EF �G F �O ò (3.38)
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1.4 Study of supersymmetryat the LHC

If Supersymmetryexistsat theelectroweakscale,it couldhardlyescapedetectionat theLHC. In most
R-parity conservingmodels,the productioncrosssectionis expectedto be dominatedby thepair pro-
ductionof colouredstates(squarksandgluinos). Thesedecayto lighter SUSYparticlesandultimately
to the LSP (LightestSupersymmetricParticle). If this is stableandweakly interacting,as implied by
R-parityconservationandcosmologicalarguments,it leavestheexperimentalapparatusundetected.The
supersymmetriceventsarethusexpectedto show up at theLHC asanexcessover SM expectationsof
eventswith severalhardhadronicjetsandmissingenergy. TheLHC centerof massof 14 TeV extends
thesearchfor SUSYparticlesup to squarkandgluino massesof 2.5 to 3 TeV [1,239].

If squarksandgluinosarelighter than1 TeV, asimplied by naturalnessarguments,this signature
would beobservedwith high statisticalsignificancealreadyduringthefirst yearof runningat theinitial
LHC luminosityof Ê j § ¦¤¦ cm

� R
s
� X

[240]. In practice,discovery would beachievedassoonasa good
understandingof thesystematicson StandardModel ratesat theLHC is obtained.

A significantpart of the efforts in preparationfor the LHC startupis beingspentin the simula-
tions of the new physicspotential. We give below a brief overview of thesestudies,dividing themin
threecategories:inclusive searchesof thenon-SMphysics,measurementof SUSYparticlemasses,and
measurementsof otherpropertiesof SUSYparticles,suchastheir spinor theflavour structureof their
decays.

1.5 Inclusive searches

In thesestudies,thetypical discovery strategy consistsin searchingfor anexcessof eventswith a given
topology. A variety of final statesignatureshasbeenconsidered.Inclusive searcheshave mainly be
carriedout in the framework of mSUGRA, which hasfive independentparametersspecifiedat high
energy scale: the commongauginomass¬óX � R , the commonscalarmass¬ M , the commontrilinear
coupling n M , theratio of thevacuumexpectationsvaluesof thetwo Higgsdoublets

¼(ô�õ<ö
andthesign

of theHiggsinomixing parameter] . Themassesanddecaybranchingratiosof theSUSYparticlesare
thencomputedat theelectroweakscaleusingtherenormalizationgroupequations,andusedasinput to
theLHC simulationcodes.

For eachpoint of a grid covering the mSUGRA parameterspace,signal eventsare generated
at partonlevel and handedover to the parametrizeddetectorsimulation. The main StandardModel
backgroundsourcesaresimulated,wherethe mostrelevant areprocesseswith an hardneutrinoin the
final state(÷ �÷ , � � jets, � � jets).Multi-jet QCDis alsorelevantbecauseits crosssectionis severalorders
of magnitudelargerthanSUSY. However it is stronglysuppressedby therequirementof largetransverse
missingenergy and it gives a significantcontribution only to the final statesearchchannelswithout
isolatedleptons.Thedetaileddetectorsimulation,muchmoredemandingin termsof computingCPU
power, validatestheresultswith parametrizeddetectorsimulationsfor theStandardModelbackgrounds
andselectedpointsin themSUGRAparameterspace.

Cutsonmissingtransverseenergy, thetransversemomentumof jets,andotherdiscriminatingvari-
ablesareoptimizedto give thebeststatisticalsignificancefor the(simulated)observedexcessof events.
For eachintegratedluminosity the regionsof theparameterspacefor which thestatisticalsignificance
exceedstheconventionaldiscovery valueof 5ø arethendisplayed.An exampleis shown in Fig. 3.1 for
the CMS experiment[241] with similar resultsfor ATLAS [240]. A slice of the mSUGRAparameter
spaceis shown, for fixed

¼(ô�õ:ö h j § , nùh¿§ and ]ûú § . The areaof parameterspacefavouredby
naturalnessargumentscanbeexploredwith anintegratedluminosityof only j fb � X .

Althoughtheseresultswereobtainedin thecontext of mSUGRA,theoverallSUSYreachin terms
of squarkandgluinomassesis very similar for mostR-parityconservingmodels,providedthattheLSP
massis muchlower thanthesquarkandgluino masses.This hasbeenshown to bethecasefor GMSB
andAMSB models[242] andeventheMSSM[243].

40



ü ý þ ÿ ���� � � � � � � � 	 	 
 � � �    � � � � � � � �

�� �
��
�� ��

�
� � �
 ! !
" # #
$ % %
& ' ' '
( ) * * + , - . /01 2 345 6 7 8 9:; < =

> ? @ @ A B CD E F FGH I JKL M N OP Q R S T U T R V W X R Q Y T

Z [\ ] ^

_ `a b c d
e f ghij

k l m n o p
q r r s t u vwx

y z { | } ~ ���

� � � � � � ���

�� �� ��� �� �� � ���� ����� ¡ ¢

£ ¤ ¥ ¦ §¨©ª « ¬ ¬  ® ® ¯ ° ° ± ² ² ³ ´ ´ ´ µ ¶ · · ¸ ¹ º º

»¼ ½
¾¿
ÀÁ ÂÃ

Ä
Å Æ Æ
Ç È È
É Ê Ê
Ë Ì Ì
Í Î Î Î
Ï Ð Ñ Ñ

Fig. 3.1: CMS5Ò discoverypotentialusingmulti-jetsandmissingtransverseenergy final state[241].

1.6 Massmeasurement

A first indicationof themassscaleof theSUSYparticlesproducedin thepp interactionwill probablybe
obtainedmeasuringthe”effectivemass”,whichis thescalarsumof transversemissingenergy andthe Ó ãof jetsandleptonsin theevent.Suchadistribution is expectedto have apeakcorrelatedwith theSUSY
massscale.Thecorrelationis strongin mSUGRA,andstill usablein themoregeneralMSSM [240].

The reconstructionof the massspectrumof Supersymmetricparticleswill be morechallenging.
SinceSUSY particleswould be producedin pairs, therearetwo undetectedLSP particlesin the final
state,which impliesthatmasspeakscannot bereconstructedfrom invariantmasscombinations,unless
themassof theLSPitself is alreadyknown.

The typical procedureconsistsin choosinga particulardecaychain, measuringinvariant mass
combinationsandlooking for kinematicalminimaandmaxima.Eachkinematicalendpointis a function
of the massesof the SUSY particlesin the decaychain. If enoughendpointscan be measured,the
massesof all theSUSYparticlesinvolvedin thedecaychaincanbeobtained.Oncethemassof theLSP
is known, masspeakscanbereconstructed.

After reducingtheSM backgroundvery effectively throughhardmissingtransverseenergy cuts,
themainbackgroundfor thiskind of measurementsusuallycomesfrom supersymmetriceventsin which
the desireddecaychainis not presentor wasnot identifiedcorrectlyby the analysis.For this reason,
thesestudiesaremadeusingdatasimulatedfor a specificpoint in SUSYparameterspace,for which all
Supersymmetricproductionprocessesaresimulated.

The two bodydecaychain L MR I E F � F � I F � F � L M X is particularlypromising,asit leadsto a very
sharpedgein thedistribution of theinvariantmassof thetwo leptons,whichmeasures:

¬ R £ xÕÔ £ y T�T | h y ¬ R ¾ À Ö \8¬ R ×ÙØ | y ¬ R ×ÚØ \8¬ R ¾ À Û |¬ R ×ÙØ
ò

(3.39)

Thebasicsignatureof this decaychainaretwo opposite-sign,same-flavour (OSSF)leptons;but
two suchleptonscanalsobe producedby otherprocesses.If the two leptonsareindependentof each
other, onewould expectequalamountsof OSSFleptonsandOSOFleptons(i.e combinationsY � ] � ,Y � ] � ). Their distributionsshouldalsobeidentical,andthis allows to remove thebackgroundcontribu-
tion for OSSFby subtractingtheOSOFevents.

Figure 3.2 shows the invariant massof the two leptonsobtainedfor SPS1Apoint [244] with
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100 fb
� X

of simulatedATLAS data[245]. TheStandardModel backgroundis clearlynegligible. The
realbackgroundconsistsof otherSUSYprocesses,thatareeffectively removedby theOSOFsubtraction.

Several otherkinematicaledgescanbe obtainedusingvariousinvariantmasscombinationsin-
volving jets and leptons. Two of suchdistributions are reportedin Fig. 3.3 for the point SPS1aand
100fb

� X
of ATLAS simulateddata[245]. Five endpoints,eachproviding a constraintson themassof

four particles,canbemeasured.Themassesof thesupersymmetricparticlespresentin thedecaychain
(theleft-handedsquark,theright-handedsleptons,andthetwo lightestneutralinos)canthusbemeasured
with anerrorbetween3%(for thesquark)and12%(for thelightestneutralino)for 100fb

� X
of integrated

luminosity.

For leptonpairswith aninvariantmassnearthekinematicalendpoint,therelation

Ó ¥ y EL MR | h j \
¬ ¾ À Û¬ïîðî Ó ¥ y F�F | (3.40)

canbe usedto get the four-momentumof the L MR , provided that themassof the lightestneutralinohas
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Fig. 3.4: Invariantmasspeaksfor squark(left), sbottom(middle) andgluino (right) at point B. The picturehas
beenobtainedusingtheparametrizedsimulationof theCMS detector. Theintegratedluminosity is 1 fb çéè for the
squarksand10 fb çéè for theothermasspeaks.

alreadybeenmeasured.This four-vectorcanthenbecombinedwith thatof hadronicjetsto measurethe
gluinoandsquarkmasses.In Fig.3.4thegluinoandsquarkmasspeaksobtainedwith CMSparametrized
simulationarereportedfor anothermSUGRAbenchmarkpoint, calledpoint B [246], which is defined
by ¬ M h j §�§ GeV, ¬ X � R h Ê�¶ § GeV, A=0, ] ú § , ¼(ô�õ:ö h j § .

Severalothertechniquesto reconstructthemassesof Supersymmetricparticleshave beeninvesti-
gatedby theATLAS andCMS collaborations.Herewe will only mentiona few otherpossibilities:

– At large
¼(ô�õ:ö

thedecaysinto third generationleptonsaredominant.The a � a � kinematicend-
point is still measurableusingtheinvariantmassof thetauvisibledecayproducts,but theexpected
precisionis worsethanthatachievablewith electronsandmuons.

– The right handedsquarkoften decaysdirectly in the LSP.
E� Z E� Z I � L M X � L M X eventscanbe used

to reconstructthe massof this squark. A similar techniquecanbe usedto measurethe massof
left-handedsleptonswhichdecaydirectly into theLSP.

For thepointSPS1aandanintegratedluminosityof 300fb
� X

ATLAS expectstobeableto measure
at least13 massrelations[245]. Theconstraintswhich canbeput on theSUSYparameterspaceandon
therelic densityof neutralinosusingthesemeasurementsarediscussedin Ref. [247].

1.7 Flavour studies

Moststudiesby theLHC collaborationshavefocusedonthediscoverystrategiesandthemeasurementof
themassesof SUSYparticles.However, thepossibilityto measureotherpropertiesof thenew particles,
suchastheir spinor thebranchingratiosof flavour violatingdecays,hasalsobeeninvestigated.

Themeasurementof thespinis interestingbecauseit allows to confirmthesupersymmetricnature
of thenew particles.This measurementwasinvestigatedin Ref. [248,249] andit is alsodiscussedlater
in this chapter.

In the hadronicsector, the experimentsarenot ableto discriminatethe flavour of quarksof the
first two generations.Hencetheonly possibilityfor flavourstudiesrelieson

c
-taggingtechniques.In this

report,thepossibilityto measurekinematicalendpointsinvolving thescalartop is discussed.Thescalar
bottommassesmayalsobemeasuredat theLHC.

43



Table 3.1: Relevanton-shellparametersfor theSPS1a’[255] scenario.¼(ô�õ�ö
10 f _ � X¤X h f _ � R¤R 184GeV f Ö � ¦¤¦ 111GeVf X 100.1GeV f _ � ¦¤¦ 182.5GeV n X¤X -0.013GeVf R 197.4GeV f Ö � X¤X 117.793GeV n R¤R -2.8GeV] 400GeV f Ö � R¤R 117.797GeV n ¦¤¦ -46GeV

The leptonicsectoris morefavourablefrom theexperimentalpoint of view, astheflavour of the
threecharge leptonscanbeidentifiedaccuratelyby thedetectorswith relatively low backgrounds.This
allows thepossibilityto testthepresenceof decaysviolating leptonflavour. Thispossibilitywasalready
discussedin earlystudies[191,250,251] andit is investigatedin a few contributionsto this report.

2 Effectsof lepton flavour violation on di-lepton invariant massspectra

In thissectionwediscusstheeffectof leptonflavourviolation (LFV) ondi-leptoninvariantmassspectra
in thedecaychains

EL MR I ET �K T �G I T �O T �G EL M X ò (3.41)

In theseeventsonestudiesthe invariantdi-leptonmassspectrumÿ�� � ÿ ¬ y T�T | with ¬ y T�T | R h y Ó ×�� �
Ó ×�� | R . Its kinematicalendpointis usedin combinationwith otherobservablesto determinemassesor
massdifferencesof sparticles[252–254].

Details on the parameterdependenceof flavour violating decayscan be found for examplein
ref. [256]. As anexamplethestudypointSPS1a’[255] isconsideredwhichhasarelatively light spectrum
of charginos/neutralinos andsleptonswith the threelighter chargedsleptonsbeingmainly

ET Z : ¬ ¾ À Û h��� ò
	
GeV, ¬ ¾ À Ö h j 	�� GeV, ¬ £ Û h j Ê�¶ ò Æ GeV, ¬ ¥ Û h j Ê�¶ ò Ê GeV, ¬ ¨ Û h j § � ò � GeV. Theunderlying

parametersaregivenin Table3.1,wheref X and f R arethe É³y j | and ÈÌÉ1y¤Ê | gauginomassparameters,
respectively. In this examplethe flavour off-diagonalelementsof f RÖ � �� ( ���h ö

) in Eq. (3.19) are
expectedto give themostimportantcontribution to theLFV decaysof thelighter charginos,neutralinos
andsleptons.We thereforediscussLFV only in theright sleptonsector. To illustratetheeffect of LFV
on thesespectra,in Fig. 3.5 we presentinvariantmassdistributions for variousleptonpairstaking the
following LFV parameters:f RÖ � X R h Æ § GeV

R
, f RÖ � X ¦ h 	 ¶ § GeV

R
and f RÖ � R¤¦ h���§�§ GeV

R
, for

which we have y ¬ × Û z ¬ × Ö z ¬ ×�� | h y j §�� ò � z j Ê�¶ ò j z j Ê � ò Ê | GeV. Theseparametersarechosensuchthat
largeLFV

EL MR decaybranchingratiosarepossibleconsistentlywith theexperimentalboundson therare
leptondecays,for which we obtain: BRy ] � I Y ���N| h � ò ¶ Þ j § � X R , BRy a � I Y ��� | h j ò § Þ j § ���
andBRy a ��I ] � �N| h ¶ ò Ê Þ j § ��� . We find for the

EL MR decaybranchingratios: BRy Y$] | h j ò � %,
BRy Y a | h Æ ò �

%, BRy ] a | h j ò
	 %, BRy Y � Y �N| h j %, BRy ] � ] �N| h j ò Ê %, BRy a � a �N| h ¶ j % with
BRy T K T G�|�� �"! y EL MR I T K T G EL M X | . Note,thatwe have summedhereover all contributing sleptons.

In Fig. 3.5a)we show the flavour violating spectray j §�§ ��# �7��� | ÿ # y EL MR I T �K T �G EL M X |¤� ÿ ¬ y T �K T �G |
versus¬ y T �K T �G | for thefinal states] a , Y a and Y¤] . In caseswherethefinal statecontainsa a -lepton,one

findstwo sharpedges.Thefirst oneat ¬ µ²¶ � ò � GeVis dueto anintermediate
ET X y ° Ea(Z | andthesecond

oneat ¬ µ 	��/ò � GeV is dueto intermediatestatesof thetwo heavier sleptons
ET R y ° E] Z | and

ET ¦ y ° EY Z |
with ¬ × Ö µ ¬ ×�� . Thepositionof theedgescanbeexpressedin termsof theneutralinoandintermediate
sleptonmasses[252], seeEq.(3.39). In thecaseof the Y¤] spectrumthefirst edgeis practicallyinvisible
becausethebranchingratiosof

EL MR into
ET X Y and

ET X ] aretiny for this example[256]. Note that therate
for the Y a final stateis largestin thiscasebecause© f RÖ � X ¦ © is largerthantheotherLFV parameters.

In Fig. 3.5(b)we show the“flavour conserving”spectrafor thefinal stateswith Y � Y � and ] � ] � .
The dashedline correspondsto the flavour conservingcasewhere f RÖ � K¢G hù§ for ä �h%$ . LFV causes
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firstly areductionof theheightof theendpointpeak.Secondly, it inducesadifferencebetweenthe] � ] �
and Y � Y � spectrabecausethemixingsamongthethreesleptongenerationsarein generaldifferentfrom
eachother. The peaksat ¬ µd¶ � ò � GeV in the ] � ] � and Y � Y � spectraare invisible as in the Y$]
spectrumas the branchingratiosof the correspondingflavour violating decaysaresmall. As for thea � a � spectrumwe remarkthat theheightof thepeak(dueto the intermediate

ET X ( ° Ea(Z )) in the a � a �
spectrumgetsreducedby about5% andthat thecontributionsdueto theintermediate

ET R � ¦ areinvisible.
Moreover, the peakposition getsshifted to a smallervalue by about2.7 GeV sincethe massof the
intermediate

ET X getsreducedby 1 GeVcomparedto theflavour conservingcase.

It is interestingto notethat in theLFV casetherateof thechannelY a canbelarger thanthoseof
thechannelswith thesameflavour, Y � Y � and ] � ] � . Moreover, by measuringall di-leptonspectrafor
theflavour violating aswell asflavour conservingchannels,onecanmake an importantcrosscheckof
thisLFV scenario:thefirst peakpositionof theleptonflavourviolatingspectra(exceptthe Y¤] spectrum)
mustcoincidewith theendpointof the a � a � spectrumandthesecondpeakmustcoincidewith thoseof
the Y � Y � and] � ] � spectra.

Up to now thedi-leptonmassspectratakingSPS1a’asa specificexamplehasbeeninvestigated
in detail. Which requirementsmustotherscenariosfulfill to obtainobservabledouble-edgestructures?
Obviously the kinematiccondition ¬ ¾ À O ú ¬ ×ÚØ � ×QP ú ¬ ¾ ÀR mustbe fulfilled andsufficiently many

EL M �
mustbeproduced.In additionthereshouldbe two sleptonscontributing in a sizableway to thedecayEL M � I T�VWT�V V EL M Q and,of course,thecorrespondingbranchingratio hasto be large enoughto beobserved.
For this thecorrespondingLFV entriesin thesleptonmassmatrix have to be large enough.Moreover,
alsothe massdifferencebetweenthe two contributing sleptonshasto be sufficiently large so that the
differenceof thepositionsof thetwo peaksis largerthantheexperimentalresolution.In mSUGRA-like
scenarios,which arecharacterizedby a commonmass¬ M for thescalarsanda commongauginomass¬óX � R at theGUT scale,thekinematicrequirements(includingthepositionsof thepeaks)arefulfilled in
the regionsof parameterspacewhere ¬ RM ¯ ° § ò � ¬ R X � R and

¼(ô�õ:ö ú ° 	 . The first conditionprovidesfor

right sleptonslighter thanthe
EL MR andthesecondconditionensuresthat themassdifferencebetween

Ea X
andtheothertwo right sleptonsis sufficiently large. In the region where¬ RM ¯ ° § ò § ¶ ¬ R X � R alsothe left

sleptonsarelighter than
EL MR , giving thepossibilityof additionalstructuresin thedi-leptonmassspectra.

Detailson backgroundprocesseswill be presentedin the subsequentsections,wherestudiesby
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the two experimentsATLAS andCMS arepresented.Herewe give a brief summaryof the expected
dominantbackground.The largestSM backgroundis dueto ÷ �÷ production.Thereis alsoSUSYback-
grounddueto uncorrelatedleptonsstemmingfrom differentsquarkandgluinodecaychains.Theresult-
ing di-leptonmassdistributionswill, however, be smoothanddecreasemonotonicallywith increasing
di-lepton invariantmassaswasexplicitly shown in a Monte Carlo analysisin [191,192]. It wasalso
shown that the single edgestructurecan be observed over the smoothbackgroundin the Y¤] and ] a
invariant massdistributions. Thereforethe novel distributions asshown in Fig. 3.5, in particularthe
characteristicdouble-edgestructuresin the Y a and ] a invariant massdistributions, shouldbe clearly
visible on top of thebackground.Notethattheusualmethodfor backgroundsuppression,by takingthe
sum �0y Y � Y � | � �0y ] � ] � | \ �0y Y � ] � | , is not applicablein the caseof LFV searches.Insteadone
hasto studytheindividual pair massspectra.Nevertheless,onecanexpectthatthesepeakswill bewell
observable[257].

3 Lepton flavour violation in the long-livedstauNLSP scenario

Supersymmetricscenarioscanberoughlyclassifiedinto two mainclasses,dependingonthenatureof the
lightestsupersymmetricparticle(LSP).Themostpopularchoicefor theLSPis theneutralino,although
scenarioswith superweaklyinteractingLSP, suchasthegravitino or theaxino,arealsocompatiblewith
all the collider experimentsandcosmology. Here,we would like to concentrateon the latter classof
scenarios,focusingfor definitenesson thecasewith gravitino LSP.

Undertheassumptionof universalityof thesoft-breakingscalar, gauginoandtrilinearsoft termsat
ahigh-energy scale,theso-calledconstrainedMSSM,thenext-to-LSP(NLSP)canbeeitherthelightest
neutralinoor thestau.If R-parityis conserved,theNLSPcanonly decayinto thegravitino andStandard
Modelparticles,with adecayrateverysuppressedby thegravitationalinteractions.As aresult,theNLSP
canbevery long lived,with lifetimes thatcouldbeaslong asseconds,minutesor even longer, mainly
dependingon thegravitino mass.WhentheNLSPis the lightestneutralino,thesignaturesfor LFV are
identicalto thecasewith neutralinoLSP, which have beenextensively discussedin theliterature[177–
181,184,188,190]. On theotherhand,whentheNLSPis a stau,thesignaturescouldbevery different.
In this notewe discusspossiblesignaturesandproposestrategiesto look for LFV in futurecollidersin
scenarioswherethegravitino (or theaxino)is theLSPandthestauis theNLSP[185,258].

Motivatedby thespectrumof theconstrainedMSSM we will assumethat theNLSPis mainly a
right-handedstau,althoughit couldhave someadmixtureof left-handedstauor otherleptonicflavours,
andwill bedenotedby a X . Wewill alsoassumethatnext in massin thesupersymmetricspectrumarethe
right-handedselectronandsmuon,denotedby Y Z and] Z respectively, alsowith avery smalladmixture
of left-handedstatesandsomeadmixtureof stau. Finally, we will assumethat next in massare the
lightestneutralinoandtherestof SUSYparticles.Schematically, thespectrumreads:¬ ¦ � R ¯ ¬TS¨ Û ¯ ¬US£WV � S¥XV ¯ ¬ ¾ À Û$z ¬US£�Y � S¥�Y z ¬TS¨ Ö ò7ò7ò (3.42)

In this classof scenarios,stauscouldbelong livedenoughto traverseseveral layersof thevertex
detectorbeforedecaying,thusbeingdetectedasa heavily ionizing chargedtrack. This signatureis very
distinctiveandis notproducedby any StandardModelparticle,hencetheobservationof heavily ionizing
chargedtrackswouldgivestrongsupportto thisscenarioandwouldallow thesearchfor LFV essentially
without StandardModel backgrounds.

Long lived stauscould even be stoppedin the detectoranddecayat late times,producingvery
energeticparticlesthatwouldspringfrom insidethedetector. Recently, prospectsof collectingstausand
detectingtheir decayproductsin futurecollidershave beendiscussed[259,260]. At theLHC, cascade
decaysof squarksandgluinoscould produceof theorderof j §WZ stausper yearif thesparticlemasses
arecloseto thepresentexperimentallimits [261]. Among them, [ y j § ¦ –j § ´ | stauscould be collected
by placing1–10kton massive materialaroundtheLHC detectors.On theotherhand,at the ILC up to[ y j § ¦ –j §W\ | stauscouldbecollectedandstudied.

46



If thereis no LFV, the stauscould only decayinto tausandgravitinos, a I aB] ¦ � R . If on the
contraryLFV exists in nature,someof thestauscould decayinto electronsandmuons.Thereforethe
detectionof veryenergeticelectronsandmuonscomingfrom insidethedetectorwouldconstituteasignal
of leptonflavour violation.

Therearepotentiallytwo sourcesof backgroundin this analysis.First, in certainregionsof the
SUSY parameterspaceselectronsor smuonscould also be long lived, and the electronsand muons
from their flavourconservingdecayscouldbemistakenfor electronsandmuonscomingfrom thelepton
flavour violating decayof thestau.However, if flavour violation is largeenoughto beobserved in these
experiments,theselectrondecaychannelY I a Y�Y is veryefficient. Therefore,selectrons(andsimilarly,
smuons)arenever long livedenoughto representan importantsourceof background.It is remarkable
theinterestingdoublerole thatflavour violation playsin this experiment,bothasobjectof investigation
andascrucial ingredientfor thesuccessof theexperimentitself.

A secondsourceof backgroundfor this analysisarethemuonsandelectronsfrom taudecay, that
couldbemistakenfor muonsandelectronscomingfrom theleptonflavourviolatingdecaysa I ] ] ¦ � R ,a I Y ] ¦ � R . Nevertheless,thisbackgroundcanbedistinguishedfrom thesignalby lookingat theenergy
spectrum:the leptonsfrom the flavour conservingtau decaypresenta continuousenergy spectrum,in
starkcontrastwith theleptonscomingfrom thetwo bodygravitationaldecay, whoseenergiesaresharply
peakedat

× M h y ¬ R S¨ � S£ � ¬ R ¥ � £ \ ¬ R¦ � R |¤� y¤Ê ¬TS¨ � S£ | . It is easyto checkthatonly averysmallfractionof the
electronsandmuonsfrom thetaudecayhave energiescloseto this cut-off energy. For instance,for the
typicalenergy resolutionof anelectromagneticcalorimeter, ø µ j §�^ � × y(_ »a` | , only Ê Þ j § � \ of the
tauswith energy

× M ° j §�§ GeV will produceelectronswith energy µ × M , within theenergy resolution
of thedetector, which couldbemistaken for electronscomingfrom theLFV staudecay. Therefore,for
thenumberof NLSPsthat canbe typically trappedat theLHC or the ILC, the numberof electronsor
muonsfrom thissourceof backgroundturnsout to benegligible in mostinstances.

Usingthis technique,we have estimatedthatat theLHC or at thefutureLinearCollider it would
bepossibleto probemixing anglesin thesleptonsectordown to thelevel of ° Æ Þ j § � R y � Þ j § � ¦ | at
90%confidencelevel if

Æ Þ j § ¦ y Æ Þ j § ´ | stausarecollected[185]. A differenttechnique,thatdoesnot
requireto stopthestaus,wasproposedin [258] for thecaseof an Y � Y � or Y � Y � linearcollider.

4 Neutralino decaysin modelswith broken R-parity

In supersymmetricmodelsneutrinomassescanbe explainedintrinsically supersymmetric,namelythe
breakingof R-parity. The simplestway to realizethis idea is to add the bilinear termsof

� Zk�� to the
MSSMsuperpotential

�cbedWdQb
(seeEqs.(3.2)and(3.3)):� h �cbedWdCb � } K uv K ub w (3.43)

Forconsistency onehasalsotoaddthecorrespondingbilineartermstosoftSUSYbreaking(seeEqs.(3.5)
and(3.6))which inducesmallvevs for thesneutrinos.Thesevevs in turn inducea mixing betweenneu-
trinos andneutralinos,giving massto oneneutrinoat treelevel. The secondneutrinomassis induced
by loop effects(see[206,262,263] andreferencestherein). Thesameparametersthat induceneutrino
massesandmixingsarealsoresponsiblefor thedecayof thelightestsupersymmetricparticle(LSP).This
impliesthattherearecorrelationsbetweenneutrinophysicsandLSPdecays[208,264–267].

In particular, theneutrinomixing angles

¼(ô�õ Rgf Ð �
h µ i Ri ¦
R
zkÉ R£ ¦ µ © i X ©i RR � i R¦ z ¼(ô�õ

Rgf ��� î µ E} XE} R
R

(3.44)

canberelatedto ratiosof couplingsandbranchingratios,for example

¼(ô�õ R fkj(lnm µ i Ri ¦
R
µ �po y EL M X I ] � � � |
�qo y EL M X I a � � � | µ �po y EL M X I ] � ��Ñ� V |

�qo y EL M X I a � ���� V | z (3.45)
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in thecaseof aneutralinoLSP. Here
i K h } K ·�x �0] · K , · K arethesneutrinovevs and·Åx is thevev of b Mx ;E} K h ~ K�G } G where

~ K�G
is theneutrinomixing matrix at treelevel which is givenasa functionof the

i K
.

Detailson theneutrinomassesandmixingscanbefoundin [206,263].

Thesmallnessof the o -parity violating couplingswhich is requiredby theneutrinodataimplies
thattheproductionanddecaysof theSUSYparticlesproceedasin theMSSM with conserved o -parity
exceptthattheLSPdecays.Thereareseveralpredictionsfor theLSPpropertiesdiscussedin theliterature
above. Herewe discussvariousimportantexamplespointingout genericfeatures.Thefirst observation
is, that thesmallnessof thecouplingscanleadto finite decaylengthsof theLSPwhich aremeasurable
at LHC. As anexamplewe show in Fig. 3.6athedecaylengthof a neutralinoLSP asa functionof its
mass. The SUSY parametershave beenvariedsuchthat collider constraintsaswell asneutrinodata
arefulfilled. This is importantfor LHC asa secondaryvertex for theneutralinodecaysimpliesthat the
neutralinodecayproductscanbedistinguishedfrom theremainingleptonsandjetswithin a cascadeof
decays.A first attemptto usethis to establishthepredictedcorrelationbetweenneutralinodecaysand
neutrinomixing angleshasbeenpresentedin [268]. Thefinite decaylengthcanalsobeusedto enlarge
the reachof colliders for SUSY searchesashasbeenshown in ref. [269] for the Tevatron. The fact,
that the decayproductsof the neutralinocanbe identifiedvia a secondaryvertex is importantfor the
checkif the predictedcorrelationsindeedexist. As an examplewe show in Fig. 3.6c andd the ratio
BRy EL M X I ] � V �� |¤� BRy EL M X I a � V �� | asa functionof theatmosphericneutrinomixing angle

¼(ô�õ R y f Ð �
h | .
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In Figure3.6ca generalscanis performedover theSUSYparameterspaceyielding a goodcorrelation
whereasin Fig. 3.6d the situationis shown if oneassumesthat the underlyingSUSY parametersare
known with anaccuracy of 10%.Thebranchingratiosthemselvesareusuallyof order10%.

It is usuallyarguedthatbroken R-parity implies that themissingenergy signatureof theMSSM
is lost. This is not entirely correctif o -parity is broken via leptonnumberbreakingas in the model
discussedhere.Thereasonis thatneutrinosarenotdetectedatLHC or ILC. This impliesthatthemissing
energy signaturestill is therealthoughsomewhatreduced.However, therearestill caseswheretheLSP
candecaycompletelyinvisible:

EL M X I Æ � or
E� K I � G � O . In Figure3.6bwe seethatthedecaybranching

ratio for
EL M X I Æ � cango up to several per-cent. In the sneutrinocaseis at mostper-mille [208]. If

oneaddstrilinear o -paritybreakingcouplingsto themodel,thenthesebranchingratioswill bereduced.
In modelswith spontaneousbreakingof o -parity thesituationcanbe quite different,e.g.the invisible
modescanhave in totalnearly100%branchingratio [270].

As a secondexample,we presentin Fig. 3.7athedecaylengthssleptonLSPsasthey motivated
in GMSB models.Also in this casewe have performeda generousscanof theSUSYparameterspace.
Oneseesthat thesleptonshave differentdecaylengthswhich is againusefulto distinguishthevarious
’flavours’. However, atLHC it mightbedifficult to separatesmuonsfrom stausin thisscenario.provided
this is possibleonecouldmeasurefor examplethecorrelationbetweenstaudecaymodesandthesolar
neutrinomixing angleasshown in Fig. 3.7b.

5 Reconstructing neutrino properties fr om collider experimentsin a Higgs triplet neu-
trino massmodel

In theprevioussectiontheneutrinomassesaresolelydueto o -parity violation andthequestionarises
how the situationchangesif thereare additionalsourcesfor neutrinomasses.Thereforea model is
consideredwhereHiggs triplets give additionalcontributions to the neutrinomasses.It caneitherbe
obtainedasa limit of spontaneouso -parity breakingmodelsdiscussedin Sect.1.3or asthesupersym-
metric extensionof the original triplet modelof neutrinomass[271] with additionalbilinear o -parity
breakingterms[200,232,272]. Theparticlecontentis thatof theMSSM augmentedby a pair of Higgs
triplet superfields,ç w and ç x , with hypercharges � h � Ê and � h \ Ê , andleptonnumber

v h \ Ê
and

v h � Ê , respectively. Thesuperpotentialof thismodelis thengivenby asumof threeterms,� h �cbedWdCb � } K uv K ub w � � æ (3.46)� æ h ] æ ç w ç x � p K¢G v K v G ç w (3.47)

49



Additionaldetailsof themodelcanbefoundin ref. [273]. Fromtheanalyticalstudyof theHiggssector,
it is possibleto show thattheHiggstriplet vevs aresuppressedby two powersof theBRPV parameters,
asalreadyemphasizedin Ref. [274].

Thenonzerovevs of this model(· w ��� b Mw�� zñ·Åx ��� b Mx � z�· K���� � K � z � ç M wB� and
� ç M wI� ) producea

mixing betweenneutrinos,gauginosandHiggsinos.For reasonablerangesof parameters,atmospheric
neutrinophysicsis determinedby theBRPVparameters,whereasthesolarneutrinomassscaledepends
mostlyon the triplet Yukawa couplingsandthe triplet mass.This situationis differentfrom theonein
themodelwith only BRPV, wherethesolarmassscaleis generatedby radiative correctionsto neutrino
masses,thusrequiring } R � i ° [ y § ò j \ j | . Now, asthesolarmassscaleis generatedby theHiggstriplet,} K canbesmaller. Usingtheexperimentallymeasuredvaluesof

¼(ô�õ R f
ATM µ j and�+� õ R Ê f CHOOZ ª j one

canfind a simpleformula for thesolaranglein termsof theYukawa couplingsp K�G of the triplet Higgs
bosonto thedoubletleptons,which is approximatelygivenby

¼(ô�õ y¤Ê f SOL

| µ \ Ê ë ÊÅy p X R \ p X ¦ |\ Ê p X¤X � p R¤R � p ¦¤¦ \ Ê p R¤¦
�z�

(3.48)

Oneof thecharacteristicfeaturesof the triplet modelof neutrinomassis thepresenceof doubly
charged Higgs bosonsç �ì�w . At LHC, the doubly charged Higgs bosoncanbe producedin different
processes,suchas: (a) It canbe singly producedvia vectorbosonfusion or via the fusion of a singly
chargedHiggsbosonwith eithera vectorbosonor anothersingly chargedHiggsboson;its production
crosssectionis øìy ��� z � b z>b0b I ç | h y j § \ j ò ¶ | fb for a triplet massof f æ h y Æ §�§ \ 	 §�§ | GeV,
assumingthetriplet vev to be

�
GeV [275,276]. However, thetriplet VEV is of ordereV in this model,

thussuppressingthisproductionmechanism.(b) It canbedoublyproducedvia aDrell-Yanprocess,with�N� � exchangein the
e
-channel;its productioncrosssectionis øìy ���� I � � � I ç`ç | h y¤¶ \ § ò § ¶ | fb

for a triplet massof f æ h y Æ §�§ \ 	 §�§ | GeV[277]. (c) It canbesinglyproducedwith asinglycharged
Higgsboson,with theexchangeof

�
in the

e
-channel;its productioncrosssectionis øìy ���� V I � I

ç b | h y Æ ¶ \ § ò Æ | fb for a triplet massof f æ h y Æ §�§ \ 	 §�§ | GeV, wheresomesplitting amongthe
massesof thedoublyandsingly chargedHiggsbosonsis allowed[277,278]. Assuminga luminosityof� h j §�§ (fb

«
year)

� X
for theLHC, thenumberof eventsfor theabove mentionedproductionprocesses

is [ y j § ¦ \ j § X | peryear, dependingon theHiggstriplet mass.

Themostremarkablefeatureof thepresentmodelis that thedecaysof thedoublychargedHiggs
bosonscanbeaperfecttracerof thesolarneutrinomixing angle.ConsideringEq.(3.48)andtakinginto
accountthattheleptonicdecaysof thedoublychargedHiggsbosonareproportionalto p R K¢G , weconstruct
thefollowing ratio ���H�k�q� \ Ê ë Ê�y ë �"! X R \ ë �"! X ¦ |\ Ê ë Ê �"! X¤X � ë Ê ��! R¤R � ë Ê �"! ¦¤¦ \ Ê ë �"! R¤¦ (3.49)

with
��!ÛK�G

denotingthe measuredbranchingratio for the process( ç �ì�w I F �K F �G
). Figure3.8 shows

theratio � �H�k� of theleptonicdecaybranchingratiosof thedoublychargedHiggsbosonversusthesolar
neutrinomixing angle.Theratio of doublychargedHiggsbosondecaybranchingratiosis specifiedby
thevariable

� �Q��� � ¼(ô�õ R
ô ê+� ¼(ô�õ y � �H��� |Ê (3.50)

where, for the determinationof
� �H���

, a j §�^ uncertaintyin the measuredbranchingratios hasbeen
assumedandthetriplet masshasbeenfixedat f æ"� h ¶ §�§ GeV. As canbeseenfrom thefigure,there
is a very strongcorrelationbetweenthe patternof Higgs triplet decaysand the solarneutrinomixing
angle.The

Æ ø rangepermittedby currentsolarandreactorneutrinodata(indicatedby theverticalband
in Fig. 3.8)fixesaminimumvaluefor � �H��� , thusrequiringminimumvaluesfor theoff-diagonalleptonic
decaychannelsof thedoublychargedHiggstriplet. If

�"! R¤¦ h § , at leasteither
��! X R or

��! X ¦ mustbe
larger than § ò ¶ . On theotherhand,if

��! R¤¦ �ho§ , thenat leastoneof theoff-diagonalbranchingratios
mustbelargerthan § ò Ê .

50



10
-2

10
-1

10
0

10
1

tan
2
(θ

SOL
)

10
-2

10
-1

10
0

10
1

y ex
p

Fig. 3.8: Ratio of doubly chargedHiggs bosonleptonic decaybranchingratios (assuminga &K'�� uncertainty)
indicatedby thevariable�+�@�(� of Eqs.(3.50)and(3.49)versusthesolarneutrinomixing angle.Theverticalband
indicatescurrent� Ò allowedrange.

As in Sect.4, the decaypatternof a neutralinoLSP is predictedin termsof the atmospheric
neutrinomixing angleThe main differenceis, that the } K can be smaller in this model comparedto
the previous one. This implies that the main decaymodeBR(

EL M X I � c � c ) getsreduced[265] andthe
branchingratiosinto thefinal states

F¸��� V
(
F h Y z ] a ) increase.

6 SUSY(s)leptonflavour studieswith ATLAS

In this sectionmain featuresof Monte Carlo studiesfor sleptonmassesand spin measurementsare
presentedaswell asa studyof sleptonnon-universality. As a referencemodeltheSPS1apoint is taken
[245], which is derived from the following high scaleparameters:¬ M = 100 GeV, ¬ X � R h 250 GeV,n M h - 100GeV,

¼(ô�õ<ö h j § andsigny ] | h � , where¬ M is a commonscalarmass,¬ X � R a common
gauginomass,n M acommontrilinearcoupling,

¼(ô�õ:ö
theratio of theHiggsvacuumexpectationvalues.

Sleptonsareproducedeitherdirectly in pairs
EF �NEF �

or indirectly from decaysof heavier charginos
andneutralinos(typical mode

EL MR I E F Z F ). They candecayaccordingto:
E F Z I F EL M X ,

E F _ I F EL M X ,E F _ I F EL MR ,
E F _ I � EL �X . At theendof every SUSYdecaychainis undetectablelightestneutralinoEL M X andkinematicendpointsin theinvariantmassdistributionsaremeasuredratherthanthemasspeaks.

Kinematic endpointsare the function of SUSY masseswhich can be extractedfrom the set of end-
point measurements.Fastsimulationstudiesof left squarkcascadedecay

E� _ I EL MR ��I EF �Z F�� � IF�� F�� � EL M X y F h Y z ] | wereperformedin refs.[245,279]. Eventswith two sameflavour andopposite
sign (SFOS)leptons,at least4 jets with Ó ã ú j ¶ § z j §�§ z>¶ § z>¶ § GeV , andeffective mass f £ �(� h� ´ K@� X Ó ã y $ Y ÷

| � × �
ã ú ��§�§ GeV and missingtransverseenergy

× �
ã ú � ô�¡ y j §�§ _ »a` z § ò Ê�f £ ��� |

wereselected.Flavour subtraction Y � Y � � ] � ] � \�Y � ] � wasapplied. After the event selection,
SM backgroundbecomesnegligible andsignificantpart of SUSY backgroundis removed. Few kine-
matic endpointswerereconstructedandfitted [279]: the maximumof the distribution of the dilepton
invariantmass f h Ðk¢î î , themaximumandtheminimumof thedistribution of the f y F�F�� | invariantmassf h Ð�¢î î¤£ and f h

K¦¥
î î¤£ , themaximumof thedistribution of the lower of thetwo

F��P� z F��N� invariantmassesy¤f î ��§î¤£ | h Ð�¢
and the maximumof the distribution of the higherof the two

F��N� z F��N� invariant masses

y¤f©¨
K Ô ¨î¤£ | h Ðk¢

. Fromthissetof endpointmeasurementsandby takinginto accountstatisticalfit errorand
systematicerroron theenergy scale( j ^ for jetsand § ò j ^ for leptons),SUSYmasses¬ £ Y h ¶ � § GeV,¬ ¾ À Ö h j ��� GeV, ¬ î V h j � Æ GeV and ¬ ¾ À Û h � � GeV wereextractedwith a 6 GeV resolutionfor

squarksand4 GeVfor non-squarks(
v h Æ §�§ fb

� X
).

Few experimentallychallengingpointsin themSUGRAparameterspaceconstrainedby thelatest
experimentaldata(seeRef. [280]) wererecentlyselectedandstudiedby usingfull Geant4simulation.
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Preliminaryfull simulationstudiesof left squarkcascadedecayfor the bulk point, the coannihilation
point andthefocuspoint arereported(seeRef. [281]). Eventswith two SFOSleptonsareselectedand
flavour subtraction Y � Y � �o] � ] � \¿Y � ] � wasapplied. The bulk point (¬ M h j §�§ GeV, ¬ X � R hÆ §�§ GeV, n M h \ Æ §�§ GeV,

¼(ô�õ<ö hª� , signy ] | h � ) is a typical mSUGRA point whereeasy
SUSY discovery is expected. The endpointsf h Ð�¢î î , f h Ð�¢î î¤£ , f h

K¦¥
îðî¤£ , y¤f ¨

K Ô ¨î«£ | h Ð�¢
and y¤f î ��§î«£ | h Ðk¢

werereconstructedfor integratedluminosity
v h ¶ fb

� X
. The coannihilationpoint ( ¬ M h � § GeV,¬ X � R h Æ ¶ § GeV, n M h¿§ GeV,

¼(ô�õ:ö h j § , signy ] | h � ) is challengingdue to the soft leptons
presentin the final state. The decayof the secondlightestneutralinoto both left andright sleptonsis
open:

EL MR ISEF _ � Z F . Theendpointsf h Ð�¢î î , f h Ð�¢îðî¤£ , y¤f ¨
K Ô ¨î¤£ | h Ðk¢

and y¤f î ��§î«£ | h Ðk¢
werereconstructed

for integratedluminosity
v h Ê § fb

� X
. The focus point ( ¬ M h Æ ¶�¶ § GeV, ¬ X � R h Æ §�§ GeV,n M h®§ GeV,

¼(ô�õ�ö h j § , signy ] | h � ) predictsmulti-TeV squarkandsleptonmasses.Neutralinos
decaydirectly to leptons:

EL M¦ I F�� F�� EL M X ,
EL MR I F��³F�� EL M X anddileptonendpointsf h Ðk¢î î were

reconstructedfor
v h �¬ c>� X . All reconstructedendpointsareat theexpectedpositions.

In thecaseof directsleptonproductionwherebothsleptonsdecayto leptonandthefirst lightest
neutralino

E F _ E F _ � E F Z E F Z I F��³F�� EL M X EL M X , therearenoendpointsin theinvariantmassdistributionsbecause
of two missingfinal stateparticles.It is possibleto estimatesleptonmassby usingvariabletransverse
massf ã R h ¬ äH® Ög¯

Ø OtO° � Ö±¯ Ø O²O° Û � Ö±¯ Ø OtO° Ö ¬´³ � ¬ R
ã y Ó

î X
ã z
× h K ���
ã X

| z ¬ R ã y Ó
î R
ã z
× h K ���
ã R

|
(seeRef.[282]). The

endpointof thestransversemassdistribution is afunctionof massdifferencebetweensleptonandthefirst
lightestneutralino

EL M X . In thecaseof mSUGRApointSPS1a,fastsimulationstudies(seeRef.[245]) show
thatby usingstransversemassleft sleptonmass¬ î Y h Ê § Ê GeVcanbeestimatedwith theresolutionof

4 GeV (
v h j §�§ fb

� X
).

Left squarkcascadedecays
E� _ I EL MR �®I EF �_ � Z F ¥ £ Ð Qaµ ��¶ �®I F � Ð Qaµ ��¶ F ¥ £ Ð Qaµ ��¶ � EL M X are

very convenientfor the supersymmetricparticles’spin measurement(seeRef. [248]). Due to slepton
andsquarkspin-0andneutralino

EL MR spin-1/2,invariantmassof quarkandfirst emitted(‘near’) leptonf y �ÑF
¥ £ Ð Qaµ ��¶ | is charge asymmetric.Theasymmetryis definedas n®h y eÑ� \ eÑ� |¤� y e�� � e�� | z e � hy ÿ{ø | y ÿtf y ��F

¥ £ Ð QWµ ��¶ |¤| . Asymmetrymeasurementsaredilutedby the fact that it is usuallynot possible
to distinguishthe first emitted(‘near’) from the secondemitted(‘f ar’) lepton. Also, squarkandanti-
squarkhave oppositeasymmetriesandareexperimentallyindistinguishable,but LHC is proton-proton
colliderandmoresquarksthananti-squarkswill beproduced.Fastsimulationstudiesof few pointsin the
mSUGRAspace[248,283] show asymmetrydistributionsnot consistentwith zero,which is thedirect
proofof theneutralinospin-1/2andsleptonspin-0.In thecaseof pointSPS1a,non-zeroasymmetrymay
beobservedwith

Æ § fb
� X

.

For someof thepointsin mSUGRAspace, mixing betweenleft andright smuonsis notnegligible.
Left-right mixing affectsdecaybranchingratios

EL MR I E F Z F andcharge asymmetryof invariantmass
distributions from left squarkcascadedecay. For the point SPS1awith modified

¼(ô�õ y öÛ| h Ê § , fast
simulationstudies[283] show that differentdecaybranchingratios for selectronsandsmuonscanbe
detectedatLHC for

Æ §�§ fb
� X

.

Fastsimulationstudiesshow that SUSY massescanbe extractedby usingkinematicendpoints
andstransversemass.Preliminaryfull simulationanalysisshow thatlargenumberof massrelationscan
bemeasuredfor leptonicsignatureswith few fb

� X
in differentmSUGRAregions. What is still needed

to be studiedmore carefully are: acceptancesand efficienciesfor electronsand muons,calibration,
trigger, optimizationof cutsagainstSM backgroundandfit to distributions.Theasymmetrydistributions
areconsistentwith neutralinospin-1/2andsleptonspin-0. Differentbranchingratiosfor selectronand
smuon,causedby smuonleft-right mixing, canbedetectedatATLAS.

7 Using the ·a¸¹·»º½¼ ¾K¿�ÀÁ¼ jet vetosignature for sleptondetection

The aim of this section,which is basedon Ref. [284], is to studythe possibility of detectingsleptons
at CMS. Note theprevious relatedpaperswherethesleptonsdetectionwasstudiedat the level of a toy
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detector[250,285–288]whereaswe performa full detectorsimulation.

ISASUSY 7.69[289] wasusedfor thecalculationof couplingconstantsandcrosssectionsin the
leadingorderapproximationfor SUSYprocesses.For thecalculationof thenext-to-leadingordercorrec-
tionsto theSUSYcrosssectionsthePROSPINO code[290] wasused.Crosssectionsof thebackground
eventswerecalculatedwith PYTHIA 6.227[43] andCOMPHEP4.2pl[291]. For consideredbackgrounds
theNLO correctionsareknown andthey wereused.Official datasetsproductionwereusedfor thestudy
of CMStestpointLM1 andbackgrounds

¼ �¼
, ZZ, WW, Wt, ZÂ �Â , DY2e,DY2a , whereDY denotesDrell-

Yanprocesses.For WZ, DY2] andW+jet backgroundstheeventsweregeneratedwith PYTHIA 6.227.
The detectorsimulationandhits productionweremadewith full CMS simulation[292], digitizedand
reconstructed[293]. TheDY2] andW+jet backgroundsweresimulatedwith fastsimulation[294].

Jetswerereconstructedusinganiterative conealgorithmwith conesize0.5andtheir energy was
correctedwith the GammaJetcalibration. The eventsarerequiredto passthe Global Level 1 Trigger
(L1), the High Level Trigger (HLT) andat leastoneof the following triggers: singleelectron,double
electron,singlemuon,doublemuon. The CMS fastsimulationwasusedfor the determinationof the
sleptonsdiscovery plot.

As discussedin theprevioussection,sleptonscanbeeitherproducedatLHC directlyvia theDrell-
Yan mechanismor in cascadedecaysof squarksandgluinos. The sleptonproductionanddecaysde-
scribedpreviously leadto thesignaturewith thesimplesteventtopology: ÷CÃqÄ F Y ÓÅ÷aÄ ® e � × � ã � $ Y ÷r· Y ÷WÄ .This signaturearisesfor bothdirectandindirectsleptonpair production. In thecaseof indirectly pro-
ducedsleptonsnot only the event topologywith two leptonsbut with single,threeandfour leptonsis
possible. Besides,indirect sleptonproductionfrom decaysof squarksandgluino throughcharginos,
neutralinoscanleadto theeventtopology÷CÃqÄ F Y Ó{÷WÄ ® e � × � ã � y ®´Å j

| $ Y ÷ e .
Closeto theoptimalcutsare:

a. for leptons:

– ÓXÆ - cut on leptons(Ó î £�Ç �Æ ú Ê § GeV/c, © È�© ¯ Ê ò � ) andleptonisolationwithin ç o ¯ § ò Æ cone
containingcalorimetercellsandtracker;

– effectivemassof twoopposite-signandthesame-flavourleptonsisoutsidethe( fÊÉ \ j ¶ GeV,f É � j § GeV) interval;

– Í<y F � F �N| ¯ j � §ÌË cut on anglebetweentwo leptons;

b. for
× �
ã :

–
× �
ã ú j

Æ ¶ GeVcut on missing
× Æ ;

– Í<y × � ã z
F�F | ú j � §ÌË cut on relative azimuthalanglebetweendileptonand

× �
ã ;

c. for jets:

– jet vetocut: � G £ � h�§ for a
× G £ �
ã

ú Æ § GeV (correctedjets) thresholdin thepseudorapidity
interval © È�© ¯ �/ò ¶ .

TheStandardModel (SM) backgroundsare:
¼ �¼

, WW, WZ, ZZ, Wt, ZÂ �Â , DY, W+jet. Themain
contributionscomefrom WW and

¼ �¼
backgrounds.TherearealsointernalSUSY backgroundswhich

arisefrom
E� E�

,
EÍ EÍ and

E� EÍ productionsandsubsequentcascadedecayswith jets outsidethe acceptance
or below thethreshold.Notethatwhenwe areinterestedin new physicsdiscovery we have to compare
thecalculatednumberof SM backgroundevents � Ý�Î Ò Ô with new physicssignalevents � ¥ £ § Ç ¨}Ï �

K Ä � h� � î £CÇ � � � Ý q ÝXÐ Ò Ô , soSUSYbackgroundeventsincreasethediscovery potentialof new physics.

For thepointLM1 with thesetof cutsfor anintegral luminosity
� h j § ¬ cB� X thenumberof signal

events(directsleptonsplussleptonsfrom chargino/neutralino decays)is � Ý hÑ��§ , whereasthenumber
of SUSYbackgroundeventsis � Ý q ÝXÐ Ò Ô h � andthenumberof SM backgroundeventsis � Ý�Î Ò Ô h � j .
Thetotalsignalefficiency is j ò j � « j § ��´ andthebackgroundcompositionis j ò Æ Ê « j § � Z of thetotal ttbar,
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Þ�ß
à��âá�Þ�ãÌä \ of thetotal WW,
� áXÞ�ãÌä Z of thetotal WZ,

� ß � á�Þ�ãÌä \ of thetotal ZZ,
	 ß
Þåá�Þ�ãÌä Z of thetotal

Wt, 0 of thetotalZbb,DY, W+jet.

The SUSY backgroundis rathersmall comparedto the signal, so we can assume�åæ ç�âèKé¦ê�ë�ìHí�îCï«ë Ç í
ð ¥ î�ñóò ìHô}õkê�ö�é ¥ ð�÷ ¥ ë�ø}í
ê�õ�ï«é ¥ ð ñ©ò æJù�æ Ðûú öüç%ý�þ . This correspondsto significancesÿ ì���� ç � ß �
and ÿ ì�� ç�� ß
à wherethequantity ÿ ì	��� is definedin ref. [295] and ÿ ì
� in refs. [296,297]. Taking into
accountthesystematicuncertaintyof 23%relatedto inexactknowledgeof backgroundsleadsto thede-
creaseof significanceÿ ì	��� from 7.7 to 4.3. The ratio of the numbersof backgroundeventsfrom two
differentchannelsò������ ä ñ������ ä���� ò��������� �

= 1.37 will be usedto keepthe backgroundsunder
control.TheCMSdiscovery plot for � �"!$#%�&'�(!�)+*�ñ-, �/. ñ1023�5463�(! signatureis presentedin Fig. 3.9.

8 Using the 798;:=<?> @�A�B signature in the search for supersymmetryand lepton flavour
violation in neutralino decays

Theaimof thissectionbasedonRef. [298] is thestudyof thepossibilityto detectSUSYandLFV using
the  � � � ñC, �/. signatureatCMS.Thedetailsconcerningthesimulationsarethesameasdescribedin
Sect.7.

The SUSY production &D&FE GH GH/I
J GK GK�J GH GK with subsequentdecaysleadsto the event topology
 � � � ñ , � . . In the MSSM with leptonflavour conservingneutralinodecaysinto leptons GL�M��N O�N P E
# � # ä GLQM � donotcontributeto thissignatureandcontributeonly to # � # ä ñR, �/. signature(here#JçS or � ).
Themainbackgroundscontributing to the ������ eventsare: T	UT , ZZ, WW, WZ, Wt, ZV UV , DY2W , Z+jet. It
hasbeenfoundthat T	UT backgroundis thebiggestoneandit givesmorethan50%contribution to thetotal
background.

Oursetof cutsis thefollowing:

– & . - cut on leptons(& ï¤ëYXKí. úSZ ã GeV/c, [ \][_^ Z ß þ ) andleptonisolationwithin `bac^ ã�ß
à cone.
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Table 3.2: Numberof signaleventsandsignificancesd2e�f 5 [295] and dgeih [296,297] for j Õlk�m fb n 1.

Point ò events ÿ ì���� ÿ ì��
LM1 329 21.8 24.9
LM2 94 8.1 8.6
LM3 402 25.2 29.2
LM4 301 20.4 23.1
LM5 91 7.8 8.3
LM6 222 16.2 18.0
LM7 14 1.4 1.4
LM8 234 16.9 18.8
LM9 137 11.0 11.9
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x�yÔÓ´Õzk�m , ØCÙtÚ ÛQ{}|Q~±Õ Ü , Ý Õ�m ) for the luminositiesj Õ�k/�+k�mg����m fb n 1 for the��� |���������� signature.

– , �/.��S�����
GeVcut on missing,+� .

For integratedluminosity�´çC� � fb � 1 thenumberof backgroundeventswith thissetof cutsis ò�� çS� � .
Theresultsfor variousCMS studypointsat this luminosityarepresentedin Table3.2.

At point LM1 the signalover backgroundratio is 3 and the signalefficiency is ý��6� � � P . The
backgroundcompositionis ��� �¡�'� � �2¢ of thetotal ttbar,

� � þ"�'� � �2¢ of thetotal WW, þ��'� � �2¢ of thetotal
WZ,

� � Z �D� � �2¢ of thetotalWt, Z � Z �D� � �2¢ of thetotalZ+jet, 0 of thetotalZZ, ZV UV , DY2W .

TheCMS discovery plot for the ������ ñ£, �/. signatureis presentedin Fig. 3.10.

It hasbeenshown in refs.[188,299,300] that it is possibleto look for leptonflavour violation at
supercollidersthroughtheproductionanddecaysof thesleptons.For LFV at theLHC oneof themost
promisingprocessesis theLFV decayof thesecondneutralino[190,192] GL M� E G #�#¤E GL M � #%# I , wherethe
nonzerooff-diagonalcomponentof thesleptonmassmatrix leadsto thedifferentflavoursfor theleptons
in thefinal state.By usingtheabovemode,LFV in G�¥RG� mixing hasbeeninvestigatedin refs.[190,192]
at a partonmodellevel anda toy detectorsimulation.Herewe studytheperspectivesof LFV detection
in CMS on the basisof full simulationof both signalandbackground.To be specific,we study the
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point LM1. We assumethat the LFV is dueto nonzeromixing of right-handedsmuonandselectron.
Thesignalof theLFV GL M� decayis two opposite-signleptons( ���� � or  � ��� ) in thefinal statewith a
characteristicedgestructure.In thelimit of leptonflavourconservation,theprocessGLQM� E G#�#¦E§#�#/GLQM � has
an edgestructurefor thedistribution of the lepton-pairinvariantmass̈Uï¤ï andtheedgemass̈ª© õ	«ï«ï is
expressedby thesleptonmass̈¬ï andtheneutralinomasses̈ ¬®2¯ °i± ² asfollows:

��¨ © õ	«ï«ï � � ç³¨ � ¬®2¯² ���;¥ ¨ � ¬ï
¨ � ¬® ¯ ²

� ���;¥ ¨ � ¬® ¯ °
¨ � ¬ï

�
(3.51)

The SUSY backgroundfor the LFV comesfrom uncorrelatedleptonsfrom different squarkor
gluinodecaychains.TheSM backgroundcomesmainly from

� U�´E¶µ(·¸µ�·¹E¶µ(#%µ(# I
º�º'I (3.52)

Drell-Yan backgroundfrom &'&»E¼W9W-E ��½�/�/� is negligible. It shouldbe stressedthat for the
signaturewith ������ in theabsenceof theLFV wedo nothave theedgestructurefor thedistribution on
theinvariantmass̈ é�¾�¿ �� � � � �

. As theresultof theLFV theedgestructurefor  � � � eventsarisestoo.
Thereforethesignatureof theLFV is theexistenceof anedgestructurein the ������ distribution. The
ratefor aflavourviolatingdecayis

À¡Á �DGL M� EÂ � � � GL M � � çSÃ À$Á �DGL M� E§ �  � GL M � J � � � � GL M � � J (3.53)

where: À¡Á �DGL M� E¶ �  � GL M � J � � � � GL M � � ç À¡Á �DGL M� E¶ �  � GL M � � ñ À¡Á �DGL M� EÄ� � � � GL M � � J (3.54)

Ã ç Z�Å$Æ�Ç È ��É+ÊYË Æ �]É J (3.55)

Å ç `Ì¨ � ¬ë ¬Í
`Ì¨ � ¬ë ¬Í ñÏÎ � J (3.56)

À¡Á �DGL M� E¶ � � � � ç À¡Á �DGL M� E¶ � � � � ñ À¡Á �'GL M� E¶ � � � � � (3.57)

Here
É

is themixing anglebetweenG�Ð and G�5Ð and Î is thesleptonsdecaywidth. TheparameterÅ is themeasureof thequantuminterferenceeffect. Therearesomelimits on G�¥¸G� masssplitting from
leptonflavour violatingprocessesbut they arenot very strong.

For Ã ç � � Z � , Ã ç � � � the distributions of the numberof  � � � eventson the invariant mass
¨ é�¾�¿ �������� �

(seeFig. 3.11) clearly demonstratesthe existenceof the edgestructure[301], i.e. the
existenceof the leptonflavour violation in neutralinodecays.It appearsthat for thepoint LM1 theuse
of anadditionalcut

¨ é�¾�¿ �� � � � � ^S���bÑ´Ò/Ó (3.58)

reducesboth theSM andSUSYbackgroundsandincreasesthediscovery potentialin theLFV search.
For thepointLM1 we foundthatin theassumptionof exactknowledgeof thebackground(boththeSM
andSUSYbackgrounds)for the integratedluminosity � ç�� � fb � 1 it would bepossibleto detectLFV
at ��Ô level in GLQM� decaysfor ÃÖÕ � � � þ .
9 Neutralino spin measurementwith ATLAS

Charge asymmetriesin invariant massdistributions containingleptonscan be usedto prove that the
neutralinospin is 1/2. This is basedon a method[248] which allows to choosebetweendifferenthy-
pothesesfor spin assignment,andto discriminateSUSY from an UniversalExtra Dimensions(UED)
modelapparentlymimicking low energy SUSY[302,303]. For this thedecaychain

GH � E GL M� H E G# ���N Ð # � H E # � # � H GL M � (3.59)
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Fig. 3.11: The distribution of dileptoninvariantmassafterselectionof two isolated ��� |�� leptonswith ä�åçæ�è�éê ëì m GeVand ����� ë ��m�m GeVfor flavourviolationparameteríÌîªm'ï ì�ð (left) and íñîòm'ï k (right). Thesuperimposed
curvesarefits to theinvariantmassdistribution for thecaseof 100%LFV.

will beused.In thefollowing, thefirst lepton(from GL M� decay)is callednear, andtheonefrom slepton
decayis calledfar.

In theMSSM,squarksandsleptonsarespin-0particlesandtheir decaysaresphericallysymmet-
ric, differentlyfrom the GL�M� which hasspin1/2. A chargeasymmetryis expectedin theinvariantmasses
¨� H # ¾�ó�õ	ô/õ �¦ö � formedby thequarkandthenearlepton. Also ¨� H #�÷ õ�ô � shows somesmallchargeasym-
metry [302,303], but it is not alwayspossibleto distinguishexperimentallynearfrom far lepton,thus
leadingto dilution effectswhenmeasuringthe ¨� H # ¾�óCõ�ô(õ �¦ö � chargeasymmetry.

In the cascadedecay(3.59), the asymmetryin the corresponding̈� UH # � charge distributions is
thesameastheasymmetryin ¨� H # � from GH � decay, but with theoppositesign [304]. Thoughit is not
possibleto distinguish H from UH at a &D& collider like the LHC, moresquarksthananti-squarkswill be
produced.Hereonly electronsandmuonsareconsideredfor analysis.

Two mSUGRApointswereselectedfor analysis:SU1, in the stau-coannihilationregion (̈ M =
70 GeV, ¨ �t÷�� = 350GeV, ø M =0 GeV, �/ùú)¦û =10, * K )¦� =+) andSU3, in thebulk region (̈ M = 100GeV,
¨ �t÷�� = 300GeV, ø M =-300GeV, �(ù�)¦û =6, * K )¦� =+). In SU1(SU3)LO crosssectionfor all SUSYis 7.8
pb (19.3 pb), andthe observability of charge asymmetryis enhancedby ü 5 ( ü 2.5) in GH / UGH production
yield.

In theSU1 point, owing to a small massdifferencebetween GL�M� and G # � (264 GeV and255 GeV,
respectively), thenearleptonhaslow & . in the GL M� E G # � # decay, while thesmallmassdifferencebetweenG #çÐ and GL�M � (155 GeV and137 GeV, respectively), implies low valuesfor far lepton’s & . in GL�M� E G #ýÐÖ#
decay. As a consequence,nearandfar leptonsaredistinguishable.Decay(3.59)representsü����
ý�þ of
all SUSYproduction.Fromthethreedetectableparticles# � J # � J¦H (wherethequarkhadronizesto a jet)
in thefinal stateof the GH � decay(3.59)four invariantmassesareformed: ¨��#%# � , ¨� H #%# � , ¨� H # ¾�ó�õ	ô � and
¨� H #�÷ õ	ô � . Their kinematicmaximaaregivenby: ¨��#�# � © õ	« = 56 GeV ( G # � ), 98 GeV ( G #ýÐ ), ¨� H #%# � © õ	« =
614GeV ( G # � , G # Ð ), ¨� H # ¾�ó�õ	ô � © õ	« = 181GeV ( G # � ), 583GeV ( G # Ð ) and ¨� H #�÷ õ�ô � © õ	« = 329GeV ( G # Ð ), 606
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Table 3.3: EfficienciesandS/B ratiosfor SUSYsignalandbackground(SU1,SU3)andfor SM background.

Efficiency (SU1) S/B (SU1) Efficiency (SU3) S/B (SU3)
Signal (17.0 ÿ 0.3)% / (20.0 ÿ 0.3)% /

SUSYBackground (0.94 ÿ 0.01)% 0.33 (0.75 ÿ 0.01)% 1
�úU� (2.69 ÿ 0.02)10� P 0.18 (3.14 ÿ 0.02)10� P 0.9
· (1.4 ÿ 0.9)10��� ü 16 (0.4 ÿ 0.4)10��� ü 300�

(1.1 ÿ 0.3)10��� ü 12 (0.9 ÿ 0.2)10��� ü 100

GeV ( G # � ). In theSU3point,only thedecay GL M� E G # �Ð #i� is allowed(3.8%of all SUSYproduction).The
endpointsfor ¨��#%# � , ¨� H #�# � , ¨� H # ¾�ó�õ	ô � and̈� H #�÷ õ�ô � are100,503,420and389GeV, respectively.

Eventsweregeneratedwith HERWIG 6.505[305]. SUSY samplescorrespondingto integrated
luminositiesof 100 fb � � for SU1 and 30 fb � � for SU3 were analysed. Also the most relevant SM
processeshave beenalso studied,i.e. � U� + jets, · + jets and

�
+ jets backgroundswere produced

with Alpgen 2.0.5 [306]. Eventswerepassedthrougha parametrizedsimulationof ATLAS detector,
ATLFAST [307].

In orderto separateSUSYsignalfrom SM backgroundthesepreselectioncutswereapplied:

� missingtransverseenergy ,¡©������. � � ��� GeV,� 4 or morejetswith transversemomentum& . ��0 � � � � ��� GeV and& . ��0 � J 0 O J 0 P �]� � � GeV.� exactly two SFOSleptons(& 	 ó X�
��¾. � ý GeVfor SU1,and& 	 ó X�
�Y¾. � � � GeV for SU3).

At this selectionstage,few invariantmassesareformed: thedileptoninvariantmass̈��#%# � , the lepton-
lepton-jetinvariantmass̈��02#%# � , andthelepton-jetinvariantmasses̈��02#i� �

and ¨��02# � �
, where #i� are

theleptonsand0 is oneof thetwo mostenergetic jetsin theevent.Subsequently

� ¨��#%# � ^S� ��� GeV, ¨��0 #�# � ^ ý���� GeV (for SU1) or ¨��0 #�# � ^ � ��� GeV(for SU3)

is required. In SU1, the decays(3.59)with G # � or G #ýÐ aredistinguishedaskingfor ¨��#%# � ^l� � GeV or
� ��� ��¸^ ¨��#%# � ^S� ��� GeV, respectively. For SU1,in thedecay(3.59)with G# � , thenear(far) leptonis
identifiedastheonewith lower (higher)& . , andviceversafor thedecay(3.59)with G # Ð . Theefficiencies
andsignal/backgroundratiosafterall thecutsdescribedsofar, whenappliedon SUSYandSM events,
areshown in Table3.3. Furtherbackgroundreductionis appliedby subtractingstatisticallyin invariant
massdistributionseventswith two oppositeflavouroppositesign(OFOS)leptons:��Q � ñÌ����� � ¥b������
(SFOS-OFOSsubtraction).This reducesSUSYbackgroundby abouta factorof 2 andmakesSM events
with uncorrelatedleptonscompatiblewith zero.

Chargeasymmetriesof ¨��0 # � distributionshave beencomputedafterSFOS-OFOSsubtractionin
theranges� � J/Z�Z ��� GeVfor SU1(only for thedecay(3.59)with G # � andnearlepton)and � � J þ Z ��� GeVfor
SU3.Two methodshave beenappliedto detectthepresenceof anon-zerochargeasymmetry:

� anonparametricL � testwith respectto aconstant0 function,giving confidencelevel CL® ² ,� a RunTestmethod[308] providing a confidencelevel CLÐ .
for thehypothesisof a zerocharge

asymmetry.

Thetwo methodsareindependentandarenot influencedby theactualshapeof chargeasymmetry. Their
probabilitiescan be combined[308] providing a final confidencelevel CL��� © ú . In Fig. 3.12 charge
asymmetriesarereportedfor ¨��02# ¾�óCõ�ô � � in SU1andfor ¨��02# � in SU3. With 100fb � � , in SU1CL��� © ú
is well below 1%, while for SU3 30 fb � � areenoughto get a CL��� © ú ü 10��� . Different sourcesof
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Fig. 3.12: Chargeasymmetriesfor lepton-jetinvariantmassesafterSFOS-OFOSsubtraction.Left: usingthenear
leptonfrom thechaininvolving "# h for theSU1point. Right: usingbothnearandfar leptonsfor theSU3point.

Table 3.4: Confidencelevels for the two methodsdescribedin the text, separatelyandcombined,obtainedon$ {&% # ~ distributionsfor thefinal selectedsamplesandfor varioussourcesof background/systematics.

Analysed SU1selection SU3selection
sample CL® ² CLÐ .

CL��� © ú CL® ² CLÐ .
CL��� © ú

a. SUSYSFOS-OFOS 19.1% 0.234% 0.390% 4.22� � � ��� 0.621% 6.64� � � � � M
b. SUSYOFOS 57.1% 92.1% 86.4% 19.3% 93.3% 48.9%
c. SUSYSFOSbkg 30.7% 24.0% 26.6% 53.5% 30.9% 46.2%
d. SM SFOSbkg 21.4% 24.0% 20.3% 61.3% 84.1% 85.7%
e. SM OFOSbkg 73.8% 50.0% 73.7% 95.5% 30.9% 65.5%
f. SUSYwrongjet 62.8% 50.0% 67.8% 19.7% 15.9% 14.0%

backgroundandpossiblesystematiceffectshave beeninvestigatedfor SU1 andSU3 samplesandthe
obtainedconfidencelevelsarereportedin Table3.4(lettersb. to f.), comparedto thefinal SUSYselected
sample(lettera.). They referto: selectedOFOSleptonpairs(b.), SFOSbackgroundSUSYevents(c.),
SFOSandOFOSselectedSM backgroundevents(d. ande., respectively) andeventswith ¨��02# � formed
with awrongjet (f.). Anyway, confidencelevelsaremuchhigherthanthefinal selectedSUSYsample.

It is observedthattheevidencewith a99%confidencelevel for achargeasymmetryneedsat least
100fb � � in thecaseof SU1,while evenlessthan10 fb � � wouldbeneededfor SU3.

10 SUSYHiggs-bosonproduction and decay

Flavour-changingneutralcurrent(FCNC)interactionsof neutralHiggsbosonsareextremelysuppressed
in theStandardModel(SM). In theSM,onefinds'Ì�)( SM E§µ�* �+* þ-,�� � ��. for ¨0/ SM 1 ����þ GeV1. For
theneutralMSSM Higgsbosonsthe ratioscouldbeof 2 ��� � � P –� � � O � . Constraintsfrom µ=E *�3 data
reducetheserates,though[103,105,115,124]. TheFCNCdecays

À añ���´E4(65�798 � or
À añ�)(:5�7 EÄ�;8 �

areof the order � � � ��P or less[13,81,103,107], hence� � ordersof magnitudebelow othermorecon-
ventional(andrelatively well measured)FCNC processeslike µ E *�3 [49]. The detectionof Higgs
FCNCinteractionswould be instantevidenceof new physics.TheMinimal SupersymmetricStandard
Model (MSSM) introducesnew sourcesof FCNCinteractionsmediatedby thestrongly-interactingsec-

1In thefollowing, <>=�?A@CBED)F denotesthesumof theHiggsbranchingratiosinto B�GD and GBHD . TheHiggsboson? standsfor
thatof theSM, ? SM, or oneof thoseof theMSSM, ? ¯ or I ¯ .
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tor2. They areproducedby the misalignmentof the quarkmassmatrix with the squarkmassmatrix,
andthemainparametercharacterizingtheseinteractionsis thenon-flavour-diagonaltermin thesquark-
mass-matrix,which we parametrizein thestandardfashion[121,122] as �)J � � ��K 1ML ��K G¨ � G¨ K �ONQP1 0 � ,
G¨ � beingthe flavour-diagonalmass-termof the N -flavour squark. Sincetherearesquarksof different
chiralities,therearedifferent L ��K parametersfor thedifferentchirality mixings.

10.1 SUSYHiggs-bosonflavour-changingneutral currentsat the LHC

Somework in relationwith theMSSM Higgs-bosonFCNCshasalreadybeenperformed[11,102–105,
113–116,123,124,309,310]. Here,we computeandanalyzetheproductionof any MSSM Higgsboson
( R 1 R M�J ( MDJ ø M ) at theLHC, followedby theone-loopFCNCdecayR�E µ�* or R�E��S8 , andwe find
themaximumproductionratesof thecombinedcross-section

Ô¦��&D&ÖETRÖE H�H�U �+V Ô¦��&D&ÖE4RXW � À añ�)R E H�HYU � J À añ�)RÖE H�HYU �+V Î��)RÖE H UH U[Z UH�H U �
� Î��)RÖE\W �

� J (3.60)

H_H U beingapairof heavy quarks� H�H U V µ(* or �E8 � , takinginto accounttherestrictionsfrom theexperimen-
tal determinationof

À ��µ E¶*�3 �
[49]. For othersignalsof SUSYFCNCattheLHC, withoutHiggs-boson

couplings,seechapter2.3.3andRef. [96]. For comparisonof thesamesignalin non-SUSYmodelssee
chapter2.3.2andrefs.[13,107]. Hereweassumeflavour-mixing only amongtheleft squarks,sincethese
mixing termsareexpectedto bethelargestonesby RenormalizationGroupanalysis[119].

In thefollowing wegiveasummarizedexplanationof thecomputation,for furtherdetailsseeRefs.
[103,105]. We includethe full one-loopSUSY-QCD contributions to the FCNC partial decaywidths
Î5�)RªE H�H U � in theobservableof Eq. (3.60).TheHiggssectorparameters(massesandCP-evenmixing
angle] ) havebeentreatedusingtheleading̈ 
 and̈0^2T`_ È û approximationto theone-loopresult[311–
314]. TheHiggs-bosontotal decaywidths Î��)R ETW �

arecomputedat leadingorder, includingall the
relevant channels.The MSSM Higgs-bosonproductioncross-sectionshave beencomputedusingthe
programsaSb`ced�fhg�ikj`lSj andm�mea�nenoj;ikj [112,315,316]. Wehaveusedtheleadingorderapproximation
for all channels.TheQCD renormalizationscaleis setto thedefault valuefor eachprogram.We have
usedthe setof CTEQ4L PDF [317]. For the constraintson the FCNC parameters,we use

À añ��µòE
*�3 � 1 � Z � ��¥ þ�� � � , � � � P astheexperimentallyallowedrangewithin threestandarddeviations[49]. We
alsorequirethatthesignof the µ E§*�3 amplitudeis thesameasin theSM [318]3. Runningquarkmasses
¨0p��)q �

andstrongcouplingconstants] � �)q �
areusedthroughout,with therenormalizationscalesetto

thedecayingHiggs-bosonmassin thedecayprocesses.Thesecomputationshave beenimplementedin
thecomputercoder�sea�teu�s�vew [319] (seealsochapter5.5).Giventhissetup,wehaveperformedaMonte-
Carlo maximization[320] of thecross-sectionin Eq. (3.60)over the MSSM parameterspace,keeping
the parameterT`_ È û fixed andunderthe simplificationthat the squarkandgluino soft-SUSY-breaking
parametermassesareat thesamescale,̈ ¬pYx ± y 1 ¨ ¬z V J{5�|}5�~ .

It is enlighteningto look attheapproximateleadingexpressionsto understandthequalitative trend
of theresults.TheSUSY-QCDcontribution to the µ´E¶*�3 amplitudecanbeapproximatedto

ø-�e���;����µ´E¶*�3 � ü L ��O ¨0^/���ª¥Ïø�^2T`_ È û �3� J �5�|�5�~ J (3.61)

whereastheMSSM Higgs-bosonFCNCeffective couplingsbehave as

K�� p��p I ü L ��O ¥ �ñ¨ ¬z
J �
�����e�

Æ�Ç È ��û ¥�]���� � �)( M �ÊYË Æ ��û ¥�]���� � �)R M �
� ��ø M � � (3.62)

2For descriptionof theseinteractionsseee.g.Refs.[102,121,122] andreferencestherein.
3This constraintautomaticallyexcludesthefine-tunedregionsof Ref. [103].
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Fig. 3.13: Left: Themaximumvalueof �������������E  asa functionof $6¡[¢ for £�¤`¥§¦ î©¨�ª . Centre:Maximum
SUSY-QCD contributionsto «¬��ä�äQ��®�¯�°�E  asa functionof $±¡ ¢ for £�¤�¥§¦ î{²`ª . Right: MaximumSUSY-
QCDcontributionsto «¬�}ä�ä³�´�µ�·¶�¸Y  asa functionof $±¡ ¢ for £�¤`¥§¦�î®² .

Table 3.5: Top: Maximum valuesof �������¹�4���k  andcorrespondingSUSY parametersfor $6¡ ¢ î ì ª`ª GeV
and £�¤`¥>¦îº²�ª . Centre:Maximumvalueof «¬��ä�ä±�\�±�\�°�k  andcorrespondingSUSYparametersfor $±¡ ¢ îì ª�ª GeVand£�¤�¥»¦�î0²`ª . Bottom:Maximumvalueof «¬��ä�ä³�M���¼¶°¸�  andcorrespondingSUSYparametersfor$6¡ ¢ î0½`ª�ª GeV and £�¤`¥§¦�îQ² .
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The differentstructureof the amplitudesin Eqs.(3.61) and(3.62) allows us to obtainan appreciable
FCNC Higgs-bosondecayrate,while the predictionfor

¿ÁÀÃÂ Å±Ä Æ�é�Ç staysinsidethe experimentally
allowedrange.

For theanalysisof thebottom-strangeproductionchannel,westudyfirst theHiggs-bosonbranch-
ing ratio in Eq. (3.60). Fig. 3.13(left) shows themaximumvalueof

¿ÍÀÃÂ ë ÄùÅHÆ�Ç asa functionof the
pseudoscalarHiggs-bosonmassò0ú>û . We observe thatfairly largevaluesof

¿ÁÀÃÂ ë ¾ ÄüÅHÆÈÇ�ý·Ï�ÊÒ�þ are
obtained.Tab. 3.5(top)showstheactualvaluesof themaximumbranchingratiosandtheparametersthat
provide themfor eachHiggsboson.Let usdiscussfirst thegeneraltrend,which is valid for all studied
processes:Themaximumis attainedat large

ÝßÞ�à�Þ�á
andmoderate

ØÚÙ
Ó . TheSUSY-QCDcontribution to

ÅÿÄ Æ�é in Eq. (3.61)decreaseswith
ÝßÞ�à�Þ�á

, thereforeto keep
¿ÁÀÃÂ ÅÿÄüÆ�é§Ç in theallowedrangewhenÝßÞ�à}Þ�á

is small, it hasto be compensatedwith a low valueof
ØÚÙ
Ó , providing a small FCNC effective

couplingin Eq. (3.62).On theotherhand,at large
ÝßÞ�à}Þ�á

thesecondfactorin Eq. (3.61)decreases,al-
lowing a largervalueof

ØÚÙ
Ó . Thus,thefirst factorin Eq.(3.62)grows,but thesecondfactorin Eq.(3.62)

staysfixed(providedthat
� ç � ý ÝßÞ�à�Þ�á ), overall providing a largervalueof theeffective coupling.On

the otherhand,a too large valueof
Ø Ù
Ó hasto be compensatedby a small valueof

� ç � � Ý Þ�à�Þ�á in Eq.
(3.61),provoking a reductionin Eq. (3.62). In theend,thebalanceof thevariousinteractionsinvolved
producestheresultsof Tab. 3.5(top).

The maximumvalueof the branchingratio for the lightestHiggs-bosonchannelis obtainedin
the small ����� scenario[321,322]. In this scenariothe couplingof bottomquarksto

ë ¾ is extremely
suppressed.The large valueof

¿ÁÀÃÂ ë ¾ Ä ÅHÆÈÇ is obtainedbecausethe total decaywidth
Ô Â ë ¾¹Ä ðßÇ

in thedenominatorof Eq. (3.60)tendsto zero(Fig. 3.13,top),andnot becauseof a largeFCNCpartial
decaywidth in its numerator[103].

The leadingproductionchannelof
ë ¾ at theLHC at high �
	��� is theassociatedproductionwith

bottomquarks,andthereforethe
ë ¾ productionwill besuppressedwhen

¿ÁÀÃÂ ë ¾�Ä4ÅHÆÈÇ is enhanced.We
have to performa combinedanalysisof the full processin Eq. (3.60) to obtainthe maximumproduc-
tion rateof FCNCHiggs-bosonmeditatedeventsat theLHC. Fig. 3.13(centre)shows theresultof the
maximizationof theproductioncross-section(3.60).Thecentralcolumnof Tab. 3.5(center)shows that
whenperformingthe combinedmaximization

Ô Â ë ¾ Ä ð{Ç hasa muchlarger value,andthereforethe
maximumof thecombinedcross-sectionis not obtainedin thesmall ����� scenario. Thenumberof ex-
pectedeventsat theLHC is around50,000events/100fb Ð;ï . While it is a largenumber, thehugeÅ -quark
backgroundat theLHC will mostlikely prevent its detection.Note,however, that themaximumFCNC
branchingratiosarearoundË�Ï Ð�Ñ –Ë�Ï Ð�Ó , whichis atthesamelevel asthealreadymeasured

¿ÍÀÃÂ ÅøÄ4Æ�é§Ç .
Thenumericalresultsfor the õHö channelaresimilar to the ÅHÆ channel,sowe focusmainly on the

differences.Figure3.13(right) shows themaximumvalueof theproductioncross-sectioní ÂOî î Ä ë Ä
õ;ö�Ç asa functionof ò0ú û . Only theheavy neutralHiggsbosonscontribute to this channeandwe obtain
a maximumof í������ ÂOîXî Ä ë Ä õHöHÇ��¯Ë�Ï Ð�Ó æ Ë�Ï Ð

Ù
pb, which meansseveral hundredseventsper

100 fb Ð;ï at theLHC. Due to thesingletop quarksignaturethey shouldbeeasierto detectthanthe Å�Æ
channel,providing the key to a new door to studyphysicsbeyond the StandardModel. It is now an
experimentalchallengeto prove thattheseeventscanbeeffectively beseparatedfrom thebackground.

The single top-quarkFCNC signaturecan also be producedin other processes,like the direct
production(seechapter2.3.3andRef. [96]), or othermodels,like the two-Higgs-doubletmodel (see
chapter2.3.2 and Refs. [13,107]). In Table3.6 we make a schematiccomparisonof thesedifferent
modes.Thetwo modesavailablein SUSYmodelsprobedifferentpartsof theparameterspace.While the
maximumof thedirectproductionis larger, it decreasesquickly with themass,in theend,at

Ý{Þ�à}Þ�á��
ò��� ýoê�Ï�Ï GeV bothchannelshave a similar productioncross-section.As for thecomparisonwith the
two-Higgs-doubletmodel,themaximumfor this latermodelis obtainedin a totally differentparameter
set-upthanthe SUSY model: large �
	��� , large ò0ú û , large splitting amongthe Higgs-bosonmasses,
andextremalvaluesof theCP-evenHiggsmixing angle � (large/small�
	���� for

ë ¾ � ì ¾ ). Thefirst two
conditionswouldproduceasmallvaluefor theproductionin SUSYmodels,while thelasttwo conditions
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Table 3.6: Comparisonof several FCNC top-charmproductioncross-sectionsat the LHC, for « �"!#�"$-�&%
% �
�±� ¶�¸Y  [this work, andRefs.[103,105]], directproduction« �"!#�"$��'%
%6� ¶�¸�  (chapter2.3.3andRef. [96]), and
two-Higgs-doubletmodel « 5�(*),+ �'%
%µ� ���¼¶�¸Y  (chapter2.3.2andRefs.[13,107]).

Parameter SUSY
ë Ä\õEö DirectProduction 2HDM

ë Ä\õEö
Maximumcross-section Ë�Ï Ð

Ù æ Ë�Ï Ð�Ó pb Ë pb ãµÌºË�Ï Ð�Ó pb�
	��� Decreasesfast insensitive Increasesfastò ú û Decreasesfast insensitive PreferslargeÝ Þ�à�Þ�á
Preferslarge Decreasesfast –ä�÷
insensitive very sensitive –ØÚÙ

Ó Moderate Moderate –
PreferredChannel

ì ¾ –
ì ¾ � ë ¾

Higgsmasssplitting Given(small) – Preferslarge

arenot possiblein theSUSYparameterspace.Then,thedetectionof a FCNC õHö channelat theLHC,
togetherwith someother hint on the parameterspace(large/small �
	��- , ò ú û ) would give a strong
indication(or confirmation)of theunderlyingphysicsmodel(SUSY/non-SUSY)chosenby nature.

10.2 . / 0�12 and 3 -physicsin the MSSM with NMFV

Herewe summarizetheresultsfrom a phenomenologicalanalysisof thegeneralconstraintson flavour-
changingneutralHiggs decays

ì Ä Å54Æ56EÆ 4 Å , set by boundsfrom ÅÎÄ Æ�é on the flavour-mixing pa-
rametersin the squarkmassmatricesof the MSSM with non-minimalflavour violation (NMFV) and
compatiblewith thedatafrom

¿ ÄÕð87 ç:9�ç Ð , assumingfirst oneandthenseveraltypesof flavour mix-
ing contributing at a time [123]. Detailsof thepartof thesoft-SUSY-breakingLagrangianresponsible
for thenon-minimalsquarkfamily mixing andof theparametrizationof theflavour-non-diagonal squark
massmatricesaregivenin [110,123] (seealsochapter5.6 for a brief description).Previousanalysesof
boundson SUSYflavour-mixing parametersfrom Å�Ä Æ�é [323–325] have shown theimportanceof the
interferenceeffectsbetweenthedifferenttypesof flavourviolation [121,122].

We definethedimensionlessflavour-changingparameters
Â Ø�;< å Ç Ù Ó Â�= Å �?>@> 6 >@A 6 AB> 6 ABA Ç from

theflavour-off-diagonalelementsof thesquarkmassmatricesin thefollowing way (see[110,123]),C ;D5DFE Â Ø ;D"D Ç Ù Ó Ý �GIH J Ý �GIH ÷ 6 C ;D5KLE Â Ø ;D"K Ç Ù Ó Ý �GIH J Ý �MNH ÷ 6C ;K�D E Â Ø ;K�D Ç Ù Ó Ý �MNH J Ý �GOH ÷ 6 C ;K�K E Â Ø ;K�K Ç Ù Ó Ý �MNH J Ý �MPH ÷ 6 (3.63)

andanalogouslyfor thedown sector
Â�Q�R 6EöS6 õST Ä QVU 6EÆ56EÅST�Ç . For simplicity, we take thesamevaluesfor

the flavour-mixing parametersin the up- anddown-squarksectors:
Â Ø < å Ç Ù Ó E Â Ø ;< å Ç Ù Ó � Â Ø�W< å Ç Ù Ó . The

expressionfor thebranchingratio
¿ÁÀÃÂ)¿ Ä\ð87�é§Ç to NLO is takenfrom [326,327]. Besides,weassume

acommonvaluefor thesoftSUSY-breakingsquarkmassparameters,
Ý

SUSY, andall thevarioustrilinear
parametersto beuniversal,

ä E ä ÷ � ä-å � ä J � ä 7 [123]. Theseparametersandthe
Ø
’swill bevaried

over a wide range,subjectonly to therequirementsthatall thesquarkmassesbeheavier than100GeV,� ç �"X É�Ï GeVand
Ý Ù X ×¬è GeV[49]. Wehave chosenasa referencethefollowing setof parameters:

Ý
SUSY

� ê�Ï�Ï GeV 6 Ý Ù � Ò�Ï�Ï GeV 6 Ý
ï
�Mã
Ò
Æ
Ù Y
ö
Ù Y Ý Ù 6

ä � ã�Ï�Ï GeV 6 ò ú � ×¬Ï�Ï GeV 6 �
	��� � Ò�ãN6 ç � æ â�Ï�Ï GeV Ê
(3.64)

We have modified the MSSM model file of FeynArts to include generalflavour mixing, and added
è³Ì è squarkmassandmixing matricesto theFormCalcevaluation.Both extensionsarepublicly avail-
able[109,110,328,329]. Themassesandtotal decaywidthsof theHiggsbosonswerecomputedwith
FeynHiggs[330–333].
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Fig. 3.14: ¦B§�¨�©«ª�¬® ¯�° asafunctionof ¨�±�²³²µ´ ¶¡¶N° 5¸· . Theallowedintervalsof theseparametersdeterminedfromN¬®¯º¹ areindicatedby colouredareas.Thered(dark-shaded)areasaredisfavouredby ¦»¬½¼e¾�¿�Àl¿ÂÁ .

Next we derive themaximumvaluesof
¿ÁÀÃÂ ì ¾QÄ ÅHÆÈÇ compatiblewith

¿ÁÀÃÂ)¿ Ä ð87)é�Ç exp
�

Â Ò�ÊÒµÃ±Ï�Ê ×¬Ç Ì Ë�ÏXÐ�Ñ [334,335]within threestandarddeviationsby varyingtheflavour-changingparameters
of the squarkmassmatrices.The resultsfor the

ä ¾ bosonarevery similar andwe do not show them
separately.

As a first step,we selectonepossibletype of flavour violation in the squarksector, assuming
thatall theothersvanish.Theinterferencebetweendifferenttypesof flavourmixing is thusignored.We
foundthattheflavour-off-diagonalelementsareindependentlyconstrainedtobeatmost

Â Ø < å Ç Ù Ó ý Ë�ÏXÐ�Ó –Ë�Ï Ð;ï . As expected[121,122,323–325], theboundson
Â Ø D"K Ç Ù Ó arethestrongest,

Â Ø D"K Ç Ù Ó ý Ë�Ï Ð�Ó –Ë�Ï Ð
Ù
.

Thedatafrom
¿ Ä\ð87 ç 9 ç Ð furtherconstraintheparameters

Â Ø D"D Ç Ù Ó and
Â Ø D"K Ç Ù Ó , theothersremaining

untouched.The allowed intervals for the correspondingflavour-mixing parametersthusobtainedare
given in [123]. For our referencepoint (3.64)we find that the largestallowedvalueof

¿ÍÀÃÂ ì ¾ Ä ÅHÆ�Ç ,
of Ä Â Ë�ÏXÐ�ÓXÇ or Ä Â Ë�ÏXÐÆÅ Ç , is inducedby

Â Ø K�K Ç Ù Ó or
Â Ø D5D Ç Ù Ó , respectively (seeFig.3.14). Thesearethe

flavour-changingparametersleaststringentlyconstrainedby the ÅºÄ Æ�é data.
¿ÍÀÃÂ ì ¾�Ä ÅHÆÈÇ can

reachÄ Â Ë�ÏXÐ ñ Ç if inducedby
Â Ø D"K Ç Ù Ó or by

Â Ø K�D Ç Ù Ó , themoststringentlyconstrainedflavour-changing
parameter. Becauseof therestrictionsimposedby ÅøÄTÆ�é ,

¿ÁÀÃÂ ì ¾ÃÄTÅHÆ�Ç dependsverylittle on
Â Ø D"K Ç Ù Ó

and
Â Ø K�D Ç Ù Ó .

Then,we investigatethe casewhen two off-diagonalelementsof the squarkmassmatrix con-
tribute simultaneously. Indeed,we performedthe analysisfor all possiblecombinationsof two of the
four dimensionlessparameters(3.63). Thefull resultsaregiven in [123]. Fig. 3.15displayspartof the
resultsfor our parameterset(3.64).Contoursof constant

Ô Â ì ¾ÁÄ Å�ÆÈÇ E Ô Â ì ¾ÍÄ Å54Æ�Ç@Ç Ô Â ì ¾ÍÄ Æ 4 Å�Ç
aredrawn for variouscombinations

Â Ø < å Ç Ù Ó –Â Ø J W Ç Ù Ó of flavour-mixing parameters,which we shall refer
to as“

= Å –ö U planes”for shortin thefollowing. Thecolouredbandsrepresentregionsexperimentallyal-
lowedby

¿ Ä\ð 7 é . Theredbandsareregionsdisfavouredby
¿ Ä�ð 7 ç:9�ç Ð . Theboundson

Â Ø D"K Ç Ù Ó ,
thebestconstrainedfor only onenon-zeroflavour-off-diagonal element,aredramaticallyrelaxed when
otherflavour-changingparameterscontribute simultaneously. Valuesof

Â Ø D"K Ç Ù Ó ý\Ë�Ï Ð;ï areallowed.
As shown in Fig. 3.15, large althoughfine-tunedvaluesof

Â Ø D"D Ç Ù Ó and
Â Ø D"K Ç Ù Ó combinedarenot ex-

cludedby Å�Ä Æ�é , yielding e.g.
Ô Â ì ¾:Ä ÅHÆÈÇ max

� Ï�ÊÖ�ã GeV for
Â Ø D"K Ç Ù Ó � æ Ï�ÊÖ�ÖV6 Â Ø D"D Ç Ù Ó � æ Ï�Êê .
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This translatesto branchingratioscompatiblewith experimentaldataof
¿ÁÀÃÂ ì ¾:Ä ÅHÆ�Ç max ý Ë�Ï Ð

Ù
. 4

It also occursfor the
A->

–
A-A

case. The combinedeffects of
A-A

–
>@>

lead to
Ô Â ì ¾ Ä ÅHÆÈÇ max

�
Ï�ÊË�Ö GeV for

Â Ø K�K Ç Ù Ó � Ï�Êè�ãV6 Â Ø D"D Ç Ù Ó � Ã�Ï�ÊË�×-6 leadingto
¿ÍÀÃÂ ì ¾ÃÄ4ÅHÆ�Ç max ý Ë�Ï Ð

Ù
.

11 Squark/gauginoproduction and decay

Non-minimalflavour violation (NMFV) arisesin theMSSM from a possiblemisalignmentbetweenthe
rotationsdiagonalizingthequarkandsquarksectors.It is convenientlyparametrizedin thesuper-CKM
basisby non-diagonalentriesin thesquaredsquarkmassmatrices

Ý Ù �< ,
Ý Ù �= , and

Ý Ù �> andthe trilinear
couplings

ä ; and
ä W . Squarkmixing is expectedto bethe largestfor thesecondandthird generations

dueto thelargeYukawa couplingsinvolved. In addition,stringentexperimentalconstraintsfor thefirst
generationareimposedby precisemeasurementsof ? ¾ æ 4? ¾ and @ ¾ æ 4@ ¾ mixing. Furthermore,direct
searchesof flavourviolationdependonthepossibilityof flavourtagging,establishedexperimentallyonly
for heavy flavours.Wethereforeconsiderhereonly mixingsof second-andthird-generationsquarksand
follow theconventionsof Ref. [116].

11.1 Flavour-violating squark- and gaugino-production at the LHC

WeimposemSUGRA[ ò ¾ , ò ï A
Ù
,
ä
¾ , �
	��B , andsgn

Â ç Ç ] parametersat a large(grandunification)scale
andusetwo-looprenormalizationgroupequationsandone-loopfinite correctionsasimplementedin the
computerprogramSPheno2.2.2[336] to evolve themdown to theelectroweakscale.At this point, we
generalizethe squarkmassmatricesby including non-diagonalterms

CCB�D
. The scalingof theseterms

with theSUSY-breakingscale
ÝßÞ�à�Þ�á

impliesahierarchy
C D"DFE C D"K�H K�DFE C K�K [337]. Wetherefore

take
C D"KNH K�D � C K�K � Ï , while

C ÷D"D �HG ÷ Ý �GJI Ý �GJK and
C åD"D �HG å Ý �G�L Ý �GNM , andassumefor simplicityG��OG ÷ �OG å

. The squarkmassmatricesarethendiagonalized,andconstraintsfrom low-energy and
electroweakprecisionmeasurementsareimposedon the correspondingtheoreticalobservables,calcu-
latedwith thecomputerprogramFeynHiggs2.5.1[331].

Flavour-changingneutral-current(FCNC)
¿

-decaysand
¿ ¾ æ 4¿ ¾ mixing arisein theSM only at

theone-looplevel. Theseprocessesarethereforeparticularlysensitive to non-SMcontributionsenter-
ing at the sameorderin perturbationtheoryandhave beenintenselystudiedat

¿
-factories.The most

stringentconstraintson SUSY-loop contributions in minimal andnon-minimalflavour violation come
todayfrom the inclusive Å�Ä Æ�é decayrateasmeasuredby BaBar, Belle, andCLEO, P A Â Å�Ä Æ�é§Ç �Â Ò�Êã�ã Ã Ï�ÊÖ�è�Ç�Ì Ë�Ï Ð�Ñ [338], which affectsdirectly theallowedsquarkmixing betweenthesecondand
third generation[123].

4Herewe have usedthetotalwidth of QNR�SUTWVYXJZ\[^] GeV, S`_aS ûcb�d�û , for thepoint (3.64)in theMSSMwith MFV.
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Another important consequenceof NMFV in the MSSM is the generationof large splittings
betweensquark-masseigenvalues. The splitting within isospin doubletsinfluencesthe e - and f -
bosonself-energiesat zero-momentumgih H Y Â Ï�Ç in the electroweak j -parameter

C j � gih Â Ï�Ç � Ý Ùh æg
Y Â Ï�Ç � Ý ÙY andconsequentlythe f -bosonmass

Ý Y
andthe squaredsineof the weakmixing an-

gle kml � Ù�n Y . The latestcombinedfits of the e -bosonmass,width, pole asymmetry, f -bosonand
top-quarkmassconstrainnew physicscontributions to

C j to o � æ Ï�ÊË�Ò ÃAÏ�ÊË�Ë or
C j � æ �po �

Ï�ÊÏ�Ï�Ë�Ï�Ö Ã�Ï�ÊÏ�Ï�Ï�ê�è [338].

A third observablesensitive to SUSYloop-contributions is theanomalousmagneticmoment
=mq��

Â)r q æ Ö�Ç � Ö of themuon,for which recentBNL dataandtheSM predictiondisagreeby
C = q � Â Ö�Ö Ã

Ë�Ï�Ç�Ì Ë�Ï Ð;ï ¾ [338]. In our calculation,we take into accounttheSM andMSSM contributionsup to two
loops[339,340].

For cosmologicalreasons,we requirethe lightestSUSYparticle(LSP) to beelectricallyneutral.
We alsocalculate,albeit for minimal flavour violation (

G � Ï ) only, thecold darkmatterrelic density
usingthecomputerprogramDarkSUSY[341] andimposealimit of Ï�ÊÏ�É�×\sut J ë Ù s Ï�ÊË�Ò�è at95%(2í )
confidencelevel. This limit hasrecentlybeenobtainedfrom thethree-yeardataof theWMAP satellite,
combinedwith theSDSSandSNLSsurvey andBaryonAcousticOscillationdataandinterpretedwithin
a moregeneral(11-parameter)inflationarymodel[342]. This rangeis well compatiblewith the older,
independentlyobtainedrangeof Ï�ÊÏ�É�×FsHt J ë Ù s Ï�ÊË�Ö�É [280].

Typical scansof the mSUGRAparameterspacewith �
	��- � Ë�Ï , ä ¾
� Ï and ç X Ï andall

experimentallimits imposedat the Ö í level areshown in Fig. 3.16. Note that ç s Ï is disfavoredbyr q æ Ö data,while
C j only constrainsthe parameterspaceoutsidethe massregionsshown here. In

minimal flavour-violation, light SUSYscenariossuchastheSPS1abenchmarkpoint (ò ¾
� Ë�Ï�Ï GeV,ò ï A

Ù � Ö�ã�Ï GeV) [244] arefavored
r q æ Ö data.Thedependenceon the trilinear coupling

ä
¾ (
æ Ë�Ï�Ï

GeVfor SPS1a, Ï GeVin ourscenario)is extremelyweak.

In Fig. 3.17 we show for our (slightly modified) SPS1a benchmarkpoint the dependenceof
the electroweak precisionvariablesand the lightest SUSY particle masseson the NMFV parameterG

, indicatingby dashedlines the rangesallowed experimentallywithin two standarddeviations. It is
interestingto seethat for this benchmarkpoint, not only the region closeto minimal flavour violation
(
G s Ï�ÊË ) is allowed,but thatthereis asecondallowedregionat Ï�Ê ×vs G s Ï�Êã .

Next, we studyin Fig. 3.18the chirality andflavour decompositionof the light (1,2) andheavy
(4,6)squarks,whichchangesmostlyin asmoothway, but sometimesdramaticallyin verysmallintervals
of
G
. In particular, thesecondallowedregionat larger

G
hasaquitedifferentflavourandchirality mixture

thantheoneatsmall
G
.

Themainresultof our work is thecalculationof all electroweak(andstrong)squarkandgaugino
productionchannelsin NMFV SUSY [343]. We show in Fig. 3.19a small, but representative sample
of theseproductioncrosssections: charged squark-antisquarkpair production,non-diagonalsquark-
squarkpair production,aswell aschargino-squarkandneutralino-squarkassociatedproduction. The
two Å Ä Æ�é allowed regions (

G s Ï�ÊË and Ï�Ê ×ws G süÏ�Êã ) are indicatedby vertical lines. Note
that NMFV allows for a top-flavour contentto be producedfrom non-topinitial quark densitiesand
for right-handedchirality contentto be producedfrom stronggluon or gluino exchanges.The cross
sectionsshown hereareall in the fb rangeandleadmostly to experimentallyidentifiableheavy-quark
(plusmissingtransverse-energy) final states.

In conclusion,we have performeda searchin the NMFV-extendedmSUGRAparameterspace
for regionsallowedby electroweakprecisiondataaswell ascosmologicalconstraints.In a benchmark
scenariosimilar to SPS1a,wefind two allowedregionsfor second-andthird-generationsquarkmixing,G s Ï�ÊË and Ï�Ê ×xs G s Ï�Êã , with distinctflavour andchirality contentof the lightestandheaviestup-
anddown-typesquarks.Our calculationsof NMFV productioncrosssectionsat theLHC demonstrate
that the correspondingsquark(anti-)squarkpair productionchannelsandthe associatedproductionof
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Fig. 3.16: ��� (grey) andWMAP (black) favoredaswell as  ¬ ¯º¹ (blue) andchargedLSP (orange)excluded
regionsof mSUGRAparameterspacein minimal ( ����� ) andnon-minimal( �C��� ) flavour violation.

squarksandgauginosarevery sensitive to theNMFV parameter
G
. For furtherdetailsseeRef. [344].

11.2 Flavour-violating squark and gluino decays

In the studyof squarkdecaystwo generalscenarioscanbe distinguisheddependingon the hierarchy
within theSUSYspectrum:

– ò��� X ò ��%� ( � � U 6 R ; � � ËV6EÊEÊEÊ
6Eè ): In thiscasethegluinowill mainlydecayaccordingto

�r Ä U D �U B 6 �r Ä R D �R B
(3.65)

with
U D � Â�U 6EÆ 6EÅHÇ and

R D � ÂÔR 6EöS6 õEÇ followedby squarkdecaysinto neutralinoandcharginos

�R B Ä R D ����� 6 U D �� 9� 6 �U B Ä U D ����� 6 R D �� Ð� Ê (3.66)

In additiontherecanbedecaysinto gauge-andHiggsbosonsif kinematicallyallowed:

�R B Ä e �R � 6 ì �� �R � 6Cf 9 �U D 6 ì 9 �U D (3.67)�U B Ä e �U � 6 ì �� �U � 6Cf Ð �R D 6 ì Ð �R D (3.68)

where
ì �� �oÂ ë � 6 ì � 6 ä � Ç , �\s�� , � � ËV6EÊEÊEÊ 6Eè . Dueto thefact, that thereis left-right mixing in

thesfermionmixing, onehasflavour changingneutraldecaysinto e -bosonsat tree-level.
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Fig. 3.17: Dependenceof theprecisionvariablesBR̈�P¬®¯º¹,° , ª¬« , and � � andthelightestSUSYparticlemasses
on theNMFV parameter� .

– ò��� s ò ��%� ( � � U 6 R ; � � ËV6EÊEÊEÊ
6Eè ): In thiscasethesquarksdecaymainly into agluino:

�R B Ä R D �r 6 �U B Ä U D �r
(3.69)

and the gluino decaysvia three-bodydecaysandloop-inducedtwo-bodydecaysinto charginos
andneutralinos

�r Ä U D U B �� � � 6 R D R B �� � � 6 �r Ä R D U B ��®� 6 �r Ä r �� � � (3.70)

with �m6:� � ËV6EÖV6EÒ , ¯ � ËV6EÖ and � � ËV6EÖV6EÒV6 × . Thefirst two decaymodescontainstateswith quarks
of differentgenerations.

Obviously, theflavour mixing final statesof thedecayslistedabove areconstrainedby the fact thatall
observedphenomenain raremesondecaysareconsistentwith theSM predictions.Nevertheless,onehas
to checkhow large thebranchingratiosfor theflavour mixing final statesstill canbe. Onealsohasto
studytheimpactof suchfinal statesondiscoveryof SUSYaswell asthedeterminationof theunderlying
modelparameters.

Forsimplicitywerestrictourselvesto themixingbetweensecondandthirdgenerationof (s)quarks.
We will take the so–calledSPA point SPS1a’[255] as a specificexamplewhich is specifiedby the
mSUGRAparametersò � � â�Ï GeV, ò ï A

Ù � Ö�ã�Ï GeV,
ä � � æ Ò�Ï�Ï GeV, �
	��B � Ë�Ï andkml °V� Â ç Ç � Ë .

We have checked that main featuresdiscussedbelow are also presentin other study points, e.g. ±�² ²
and é of [345]. At the electroweakscale(1 TeV) onegetsthe following datawith the SPA1a’ point:Ý Ù � Ë�É�Ò GeV, ç � ×¬Ï�Ò GeV, ò�³¬´ � ×¬Ò�É GeV and ò �� � è�Ï�ê GeV. We have usedthe program
SPheno[336] for thecalculation.
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Fig. 3.18: Decompositionof thechirality (L,R) andflavour (c,t ands,b)contentof thelightest( ÂÃ^Ä%Å ÂÃ�Æ ) andheavier
( ÂÃ�ÇÈÅ ÂÃ�É ) up- ( Ã �ËÊ ) anddown-type( Ã �ÍÌ ) squarkson theNMFV parameter� .

Table 3.7: Flavour violating parametersin GeV
Æ

which areaddedto theSPS1a’point. Thecorrespondingvalues
for the low energy observablesareBR̈��¬ ¯º¹,°��xÎÐÏ ÑÓÒ'Ôc� Á Ç , Õ ªk¨×ÖvØNÙ °�ÕÚ�ÛÔ%ÜÐÏ Ý psÁ Ä andBR̈��¬ ¯º¿ À ¿ Á °��
Ô/Ï ÞÈÜ�ÒßÔc� Á É . Ý Ù< H Ù Ó Ý Ù>-H Ù Ó Ý Ù= H Ù Ó à ; ä�;Ù Ó à ; ä:;Ó Ù à W ä WÙ Ó à W ä WÓ Ù

-18429 -37154 -32906 28104 16846 981 -853

It hasbeenshown, thatin Minimal FlavourViolatingscenariostheflavourchangingdecaymodes
arequitesmall[195]. To getsizableflavour changingdecaybranchingratios,we have addedtheflavour
mixing parametersasgivenin Table3.7; theresultingup-squarkmassesin GeV arein ascendingorder:
315,488,505,506,523 and587 [GeV] whereasthe resultingdown-squarkmassesare457,478,505,
518, 529, 537 [GeV]. This point is a random,but also typical one out of 20000points fulfilling the
constraintsderived from theexperimentalmeasurementsof the following threekey observablesof the
Å Ä Æ sector: Å Ä Æ�é ,

C Ýâá M and Å6Ä Æß¯ 9 ¯�Ð . For the calculationwe have usedthe formula given
in [346,347], for Å�ÄùÆ�é , the formula for

C Ýâá M given in [348] andtheformula for ÅµÄ Æß¯ 9 ¯ Ð given
in [346,349]. Note,thatwe have includedall contributionsmediatedby chargino,neutralinoandgluino
loopsaswe departhereconsiderablyfrom Minimal Flavour Violation. The mostimportantbranching
ratiosfor gluinoandsquarkdecaysaregivenin Table3.8. In additionthefollowing branchingratiosare
larger than1%,namelyBR(

�R
ñ Ä

�U
ï f )=8.9%andBR(

�R
ñ Ä

�U Ù f )=1.8%.We have not displayedthe
branchingratiosof thefirst generationnor theonesof thegluino into first generation.

It is clearfrom Table3.8 thatall listed particleshave large flavour changingdecaymodes.This
clearlyhasanimpacton thediscovery strategy of squarksandgluinosaswell ason themeasurementof
theunderlyingparameters.For example,in mSUGRApointswithout flavour mixing onefindsusually
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Fig. 3.19: Representativesampleof squarkandgauginoproductioncrosssectionsat theLHC in NMFV.

that theleft-squarksof thefirst two generationsaswell astheright squarkshave similar masses.Large
flavour mixing implies that thereis a considerablemasssplitting ascanbeseenby thenumbersabove.
Therefore,the assumptionof nearlyequalmassesshouldbe reconsideredif sizableflavour changing
decaysarediscoveredin squarkandgluinodecays.

An importantpartof thedecaychainsconsideredfor SPS1a’andnearbypointsare
�r Ä Å � Å D Ä

Å 4 Å �� � � whichareusedto determinethegluinomassaswell asthesbottommassesor at leasttheiraverage
value if thesemassesareclose. In the analysisthe existenceof two b-jetshasbeenassumed,which
neednot to be thecaseasshown in theexampleabove. Therefore,this classof analysisshouldbe re-
donerequiringonly oneb-jet + oneadditionalnon b-jet to studythe impactof flavour mixing on the
determinationof thesemasses.

Similar conclusionshold for the variable
ÝÛó÷ å

definedin [350]. For this variableoneconsiders
final statescontainingÅ �� 9ï . In ourexample,threeu-typesquarkscontributewith branchingratioslarger
than10%in contrastto assumptionthatonly the two stopscontribute. The influenceof theadditional
staterequiresfor asureadetailedMonteCarlostudywhichshouldbecarriedout in thefuture.
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Table3.8: Branchingratios(in %) for squarkandgluinodecaysfor thepointspecifiedin Table3.7.Only branching
ratioslargerthan1%areshown.�� � ï ö

�� � ï õ
�� �Ù ö �� �Ù õ �� 9ï Æ �� 9ï Å �� 9Ù Å �R

ï e �
�R
ï
ë ��R

ï 1.4 16.8 81.1�R Ù
9.1 21.0 3.6 42.9 14.3 5.3 1.3�R

Ó 20.9 21.9 47.5 1.1 1.9 5.5�R
ñ 1.5 2.7 1.6 3.7 4.0 14.1 14.2 39.2 5.2�� � ï Æ

�� � ï Å
�� �Ù Æ �� �Ù Å �� �Ó Å

�� �Ñ Å
�� Ðï ö

�� Ðï õ
�R
ï f Ð�U

ï 1.4 5.7 2.7 2.8 6.5 28.1 27.3�U Ù
4.2 2.9 6.3 17.8 13.4 18.8 34.8�U

Ñ 1.8 23 3.7 41.5 5.8 20.0�U
ñ 77.3 15.9 4.6 3.7 2.4 2.4 7.7 5.1 40.�U

ï Æ
�U
ï Å

�U Ù Æ �U Ù Å �U
Ó
U �U

Ñ Æ
�U Å U

�U
ñ Æ

�U
ñ Å�r

3.4 12.8 5.5 7.5 8.2 5.8 5.1 2.1 2.2�R
ï ö

�R
ï õ

�R Ù ö �R
Ó ö

�R
Ñ
R �R Å R

1.2 14 8.8 7.9 8.2 5.5

12 Top squark production and decay

Supersymmetricscenarioswith a particularlylight stophave beenrecentlyconsideredaspotentialcan-
didatesto provide a solid explanationof theobserved baryonasymmetryof theUniverse[351]. Inde-
pendentlyof this proposal,measurementsof theprocessof stop-chargino associatedproductionat LHC
have beenconsideredasa ratheroriginal way of testingtheusualassumptionsabouttheSupersymmet-
ric CKM matrix [352]. In a very recentpaper[353], the latter associatedproductionprocesshasbeen
studiedin somedetail for differentchoicesof theSUSYbenchmarkpoints,trying to evidentiateandto
understandanapparentlystrong�
	��- dependenceof theproductionrates.As a generalfeatureof that
study, thevaluesof thevariousratesappeared,typically, below theone

î Å size,to becomparedwith the
(much)biggerratesof thestop-antistopprocess(seee.g.[354]).

12.1 Associatedstop-chargino production at LHC: A light stopscenariotest

Giventhepossiblerelevanceof anexperimentaldetermination,it might beopportuneto performamore
detailedstudyof the productionratesizein the speciallight stopscenario,whereoneexpectsthat the
numericalvalueis aslargeaspossible.Herewepresenttheresultsof thisstudy, performedatthesimplest
Born level giventhepreliminarynatureof theinvestigation.

Thestartingpoint is theexpressionof thedifferentialcrosssection,estimatedat Born level in the
c.m. frameof the incomingpair of the partonicprocessÅ r Ä � ÐB õ D . Its detailedexpressionhasbeen
derived anddiscussedin [353]. Theassociatedc.m. energy distribution (at this Born level identicalto
thefinal invariantmassdistribution) is

U í ÂOî î Ä �õ < � ÐB ÇÎðßÇU�ôÆ � Ëõ
ö×÷cømù-úüû:ý
ö×÷cø�ù ú ��þ

U ÿ � k n�� å � Â�� 6 ÿ � k n Ç
U í å ��� �÷ û	��
�U ÿ � k n Â ôÆÈÇ�6 (3.71)

where
� ôÆ and

� õ
arethepartonandtotal

îXî
c.m.energies,respectively,

� � ôÆ � õ , and
� å � is theparton

processluminositythatwe have evaluatedusingthepartondistribution functionsfrom theHeavy quark
CTEQ6set[355]. The rapidity andangularintegrationsareperformedafter imposinga cut

î��� Ë�Ï
GeV.

For a preliminaryanalysis,we have consideredthetotal crosssection(for producingthe lightest
stop-chargino pair),definedastheintegrationof thedistribution from thresholdto afinal energy

� Æ left
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asfreevariable,generallyfixedby experimentalconsiderations.To have afirst feelingof thesizeof this
quantity, we have first estimatedit for two pairsof sensibleMSSM benchmarkpoints.Thefirst pair are
theATLAS DataChallenge-2pointsSU1,SU6whosedetaileddescriptioncanbe found in [137]. The
secondpair arethepointsLS1, LS2 introducedin [136]. Thesepointsaretypical light SUSYscenarios
andin particularsharearathersmallthresholdenergy ò®ó÷ Ç ò � whichappearsto beacritical parameter
for theobservability of theconsideredprocess.ThemaindifferencebetweenSU1andSU6or LS1 and
LS2 is thevalueof �
	��- (larger in SU6andLS2). Theresultsareshown in Fig. 3.20. As onesees,the
variousratesareessentiallybelow theone

î��
size,well below theexpectedstop-antistopvalues.

In theprevious points,no specialassumptionsaboutthevalueof thestopmasswereperformed,
hencekeepinga conservative attitude. Onesees,asexpected,that thebiggerratevaluescorrespondto
thelighter stopsituations(LS1 andLS2). In this spirit, we have thereforeconsidereda differentMSSM
point wherethefinal stopis particularlylight. More precisely, we have concentratedour analysison the
point LST2, introducedanddiscussedin Section12.2andcharacterizedby theMSSM parameters(we
list therelevantonesatBorn level)

Ý
ï
� ã � �
	�� Ù n�� Ý Ù � �!�!"�#%$'& 6 ç � � "!"�#($'& 6@�
	��� � âV6 õ ï � õ M 6 ò ó ÷*) � � ã "�#($'& 6 (3.72)

andconsistentwith thecosmologicalexperimentalboundsontherelic density. Now thethresholdenergy
is evensmallerthanin thepreviousexamples.Theintegratedcrosssection,shown in Fig. 3.21reachesa
maximumof about2 pb, thatmight bedetectedby adedicatedexperimentalsearch.
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Table 3.9: Numberof eventsat LST2 left aftercumulative cutsfor Îm� fb Á Ä of integratedluminosity. “2lep, 2 ”
meanstwo leptonswith %�+ ,.-/ �10m� GeV plus two  -jetswith %�23,.4/ � ÞÈ� GeV. “2 � ” is the requirementof two tops
(i.e. 5 ;�6�7 ÔcÝÈ� GeV),and“SS” thatof two same-signleptons.

Cut 2lep,2
� 89:

2õ SS
Signal:

�r �r
1091 949 831 413

Background: SM 34224 8558 8164 53
SUSY 255 209 174 85

12.2 Exploiting gluino-to-stopdecaysin the light stop scenario

To achieve a strongfirst-orderelectroweakphasetransitionin theMSSM, the lighter of the two stops,�õ ï , hasto be lighter than the top quark [356–360]. Assuminga stable
�� � ï LSP, therehenceexists a

very interestingparameterregion with a small
�� � ï –

�õ ï massdifference,for which (i) coannihilationwith�õ ï [361,362] leadsto a viable neutralinorelic densityand (ii) the light stop decaysdominantlyinto
ö �� � ï [363].

In thiscase,stop-pairproductionleadsto 2 ö -jets Ç 89  , asignalwhichis of verylimited useatthe
LHC. Onecan,however, exploit [364] gluino-pairproductionfollowedby gluino decaysinto stopsand
tops: sincegluinosareMajoranaparticles,they candecayeitherinto õ �õ<;ï or 4õ �õ ï ; pair-producedgluinos
thereforegive same-signtop quarksin half of thegluino-to-stopdecays.Herenotethatin thelight stop
scenario,

�r>= õ �õ<;ï (or 4õ �õ ï ) haspractically100%branchingratio. With
�õ ï
= ö �� � ï , õ

=?� f , andthe f ’s
decayingleptonically, this leadsto a signatureof two

�
-jets plus two same-signleptonsplus jets plus

missingtransverseenergy:

îXî�= �r �r@=A�B� ¯ 9 ¯ 9DC �!E 4 � 4 � ¯.F�¯GFIH,ÇKJ $ �ck:Ç 89LNM (3.73)

In [364] we performeda casestudy for the ‘LST1’ parameterpoint with ò �� û ) �?�!" ã GeV, ò �÷*) �� ã " GeV, ò��� � è�è " GeV andshowed that the signatureEq. (3.73) is easilyextractedfrom the back-
ground.In thiscontribution,wefocusmoreonthestopcoannihilationregionanddiscusssomeadditional
issues.

We definea benchmarkpoint ‘LST2’ in thestopcoannihilationregion by taking theparameters
of LST1 and lowering the stopmassto ò �÷*) �O�!P ã GeV. We generatesignalandbackgroundevents
equivalentto

� "
fb F ï of integratedluminosityandperforma fastsimulationof a genericLHC detector

asdescribedin [364]. Thefollowing cutsarethenappliedto extractthesignatureof Eq.(3.73):

– requiretwo same-signleptons( Q or ç ) with
îSR �UT X P!"

GeV;

– requiretwo
�
-taggedjetswith

îSV �UW X ã " GeV;

– missingtransverseenergy
89X X �!"!"

GeV;

– demandtwo combinationsof thetwo hardestleptonsand
�
-jets

thatgive invariantmassesò å � s � è " GeV, consistentwith a topquark.

This set of cuts emphasizesthe role of the same-signtop quarksin our method,and ignoresthe de-
tectabilityof the jets initiatedby the

�õ ï decay. Table3.9 shows theeffect of thecutson both thesignal
andthebackgrounds.Detectingin additionthe(soft) ö -jetsfrom the

�õ ï
= ö �� � ï decay, togetherwith the

exessin eventswith 2 ö -jets Ç 89X from stop-pairproduction,canbe usedto strengthenthe light stop
hypothesis.A reasonableö -taggingefficiency wouldbevery helpful in this case.

To demonstratethe robustnessof the signal,we show in Fig. 3.22(left) contoursof
� í , ã í and�!" í significance5 in the (ò��� , ò �÷*) ) plane. For comparisonwe alsoshow asa dottedline the resultof

5We definesignificanceas YSZ\[ ] , where Y and] arethenumbersof signalandbackgroundevents.
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Fig. 3.22: Reachfor thesignatureof Eq. (3.73)in thegluino–stopmassplane(left) andsignificanceasa function
of stop–neutralinomassdifferencewith 5feg ��ÜÈ�m� GeV (right).

a CMS study[3], which found a reachdown to h pb in termsof the total crosssectionfor same-sign
top production. In Fig. 3.22 (right), we show the decreasingsignificancefor i1jkmlon!p!p GeV, as the
stop–neutralinomassdifferencegoesto zero. To beconservative, bothpanelsin Fig. 3.22assumethat
all squarksother than the qr's arebeyond the reachof the LHC; qt qt and qu qt productionwould increase
the signal through qtwv quxt decays(provided iyjzm{ i|jk ) while addingonly little to the background;
see[364,365] for moredetail.

The usualway to determineSUSY massesin cascadedecaysis throughkinematicendpointsof
theinvariant-massdistributionsof theSM decayproducts,seee.g.[253,254,366,367]. In ourcase,there
arefour possibleendpoints:i~}�����.� , i~}I����.� , i~}������� andi~}I����.��� , of whichthefirst simplygivesarelationship
betweenthemassesof the � andthetop,andthesecondandthird arelinearlydependent,sothatweare
left with threeunknown massesandonly two equations.Moreover, becauseof theinformationlostwith
theescapingneutrinothedistributionsof interestall fall very graduallyto zero.

In orderto neverthelessget someinformationon the q�I� s , qr<s and qu masses,we fit thewhole i �.�
and i ��� distributions [364,368] andnot just the endpoints.This requires,of course,the detectionof
the jets stemmingfrom the qr s decay. For small i j�*�:� i j��� � theseare soft, so we demandtwo jets

with �S���	�� �O� p GeV in addition to the cuts listed above. The resultsof the fits for LST2, assuming
20% � -taggingefficiency, 6 are shown in Fig. 3.23. The combinedresult of the two distributions isi~}�����.� l �!p �!����� ��� � , ascomparedto thenominalvalueof i~}�����.� ¡ ¢ n!n GeV.

As mentionedabove, thegluino-pairproductionleadsto 50%same-sign(SS)and50%opposite-
sign (OS) top-quarkpairs,andhence£ l¥¤f¦�§¨§¨©�ª'¤f¦�§¨§m«¬®§L© ¡ p ��� with ¤ denotingthenumber
of events. In contrast,in theSM onehas £ � ¯ p � p h . This offersa potentialtestof theMajorananature
of thegluino. Thedifficulty is that thenumberof OS leptonsis completelydominatedby the

r<°r
back-

ground. This caneasilybe seenfrom the last two rows of Table3.9: £ ¯ p ��� (0.02) for the signal
(backgrounds)asexpected;signalandbackgroundscombined,however, give £ ¯ p � p!± . A subtraction
of the

r<°r
backgroundasdescribedin Section12.3mayhelpto extract £ ¦ qu qu © .

6Whenoneor noneof theremainingjetsare² -taggedwe pick the ² -jetsasthehardestjetswith ³<´�µ·¶¸º¹>»U¼ GeV.
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Fig. 3.23: Invariant-massdistributions Å�Æ�Ç (left) and Å�È3Ç (right) with É�Ê�Ë Ì -taggingefficiency after Í -tagging
(blackwith errorbars)andbestfit for LST2. Also shown arethecontributionsfrom theSM background(green)
andtheSUSYbackground(blue).

12.3 A study on the detectionof a light stop squark with the ATLAS detectorat the LHC

We presentherean exploratory study of a benchmarkmodel in which the stop quark hasa massof
137GeV, andthetwo-bodydecayof thestopsquarkinto a chargino anda Î quarkis open.We address
in detail the ability of the ATLAS experimentto separatethe stopsignal from the dominantStandard
Modelbackgrounds.

For themodelunderstudy[166] all themassesof thefirst two generationsquarksandsleptonsare
setat10TeV, andthegauginomassesarerelatedby theusualgauginomassrelation Ï s(Ð ÏÒÑ l Ó s(Ð Ó Ñ .
Theremainingparametersarethusdefined:

Ï s lº±!p ���XÔ%Õ'Ö × l � p!p Ô(Õ'Ö Ø�Ù\Ú�Û l � ÏÒÜ l n � p Ô(Õ'Ö
i ¦�Ý Ü ©¨l h � p!p Ô(Õ'Ö i ¦ qrßÞ ©�l p Ô(Õ'Ö i ¦ q Î Þ ©Ll h p!p!p Ô(Õ'Ö à � l � ± � ¢ ��áâÔ(Õ'Ö

The resultingrelevant massesare i ¦ qr s ©@l h � � GeV, i ¦ q�(ãs ©äl h!h!h GeV, i ¦ q� � s ©äl 58 GeV. The qr s
decayswith 100%BR into q� ãs Î , and q� ãs decayswith 100%BR into an off-shell � and q�I� s . Thefinal
statesignatureis thereforesimilar to theonefor

r °r
production:2 Î -jets, å:æLçéèêè� andeither2 leptons( ëíì × )

(4.8%BR) or 1 leptonand2 light jets(29%BR).

Thesignalcross-section,calculatedatNLO with thePROSPINO[354] programis 412pb.
We analyzeherethesemi-leptonicchannel,whereonly oneof the two qr s legs hasa leptonin thefinal
state. We apply the standardcutsfor the searchof the semileptonictop channelasappliedin [1], but
with softerrequirementson thekinematics:

– Oneandonly oneisolatedlepton( ë , × ), � �� { ¢ p GeV.

– å�æLçéèêè� { ¢ p GeV.

– At leastfour jets î � ¦�ï s ì ï Ñ ©L{ � � GeV, î � ¦�ï Üðì ï�ñS©�{ ¢ � GeV.

– Exactly two jets in the eventsmustbe taggedas Î -jets, andacongratulacinthey both musthave� � { ¢ p GeV. ThestandardATLAS b-taggingefficiency of 60%for a rejectionfactorof 100on
light jetsis assumed.

A totalof 600kSUSYeventsweregeneratedusingHERWIG 6.5[305,369],1.2M
r<°r

eventsusing
PYTHIA 6.2 [370]. Theonly additionalbackgroundconsideredfor thisexploratorystudywastheasso-
ciatedproductionof aW bosonwith two Î jetsandtwo non-Î jets,with theW decayinginto ë or × . This
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Fig. 3.24: Left: Distributions of the minimum ÍGòBò invariant massfor top background(full black line), ó1ÍôÍ
background(dot-dashedblueline), signal(dashedredline). Right: Distributionsof theminimum Íôõ invariantmass
for topbackground(full blackline), ó1ÍôÍ background(dot-dashedblueline), signal(dashedredline).

is thedominantbackgroundfor topsearchesat theLHC. For thisprocess,wegenerated60keventsusing
ALPGEN [306]. Thenumberof eventsgeneratedcorrespondsto

¯ h ��á fb ö s . Thegeneratedeventsare
thenpassedthroughATLFAST, aparametrizedsimulationof theATLAS detector[371].
After theselectioncutstheefficiency for the

r °r
backgroundis 3.3%7, for �÷ÎBÎ*ø�ø 3.1%,andfor thesignal

0.47%,yielding abackgroundwhich is
¯

15 timeshigherthanthesignal.

An improvementof thesignal/backgroundratiocanbeobtainedusingtheminimuminvariantmass
of all thenon-bjetswith � � { ¢ � GeV. This distribution peaksnearthevalueof theW massfor thetop
background,whereastheinvariantmassfor thesignalshouldbesmallerthan54 GeV, which is themass
differencebetweenthe q� ã andthe q�I� s . Requiringi ¦ ø�ø © � ±!p GeVimprovesthesignal/background ratio
to 1/10,with a lossof a bit morethanhalf thesignal. We show in the left plot of Figure3.24after this
cut thedistributionsfor thevariablei ¦ Î	øíø © æùçûú , i.e. the invariantmassfor thecombinationa b-tagged
jet andthetwo non-bjetsyielding theminimuminvariantmass.If theselectedjetsarefrom thedecayof
thestop,this invariantmassshouldhave anendpoint at

¯
79GeV, whereasthecorrespondingend-point

shouldbeat 175GeV for the top background.Thepresenceof thestopsignalis thereforevisible asa
shoulderin the distribution ascomparedto the puretop contribution. A significantcontribution from�÷ÎBÎ	øíø is present,without a particularstructure.Likewise, the variable i ¦ ÎBü © æùçéú hasan endpoint at¯

66 GeV for thesignalandat 175GeV for thetop background,asshown in Figure3.24,andthesame
shoulderstructureis observable. We needthereforeto predictpreciselythe shapeof the distributions
for thetop backgroundin orderto subtractit from theexperimentaldistributionsandextract thesignal
distributions.

Thetopbackgrounddistributionscanbeestimatedfrom thedatathemselvesby exploiting thefact
that we selecteventswhereoneof the � from the top decaysinto two jets andthe otherdecaysinto
leptonneutrino.Onecanthereforeselecttwo puretopsamples,with minimal contribution from non-top
eventsby applyingseparatelyhardcutsoneachof thetwo legs.

– Top sample1: the best reconstructedÎBüGý invariant massis within 15 GeV of 175 GeV, and¦ i>þ � © æùçûú {O±!p GeV in order to minimize the contribution from the stopsignal. The neutrino
longitudinalmomentumis calculatedby applyingthe � massconstraint.

7Theemissionof additionalhardjetsat higherordersin theQCD interactioncanincreasetheprobabilitythatthe ÿ��ÿ events
satisfytherequirementof 4 jets. Thecut efficiency is observedto increaseby about20%if MC@NLO is usedto generatetheÿ��ÿ background.Wedonotexpectsuchaneffect to changetheconclusionsof thepresentanalysis,but futurestudiesshouldtake
it into account.
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Fig. 3.25: Left: distributionof theminimum Í.ò\ò invariantmassafterthesubtractionprocedure(pointswith errors)
superimposedto theoriginal signaldistribution (full line). Right: distribution of the minimum Í�õ invariantmass
afterthesubtractionprocedure(pointswith errors)superimposedto theoriginal signaldistribution (full line).

– Topsample2: thebestreconstructedÎ*ø�ø massis within 10GeV of 175GeV.

We assumeherethatwe will be ableto predictthe �÷ÎBÎ backgroundthrougha combinationof Monte
Carlo andthestudyof

� ÎBÎ productionin the data,andwe subtractthis backgroundboth from theob-
serveddistributionsandfrom theTop samples.More work is requiredto assesstheuncertaintyon this
subtraction.Giventhefact that this backgroundis smallerthanthesignal,andit hasa significantlydif-
ferentkinematicdistribution, we expectthata 10-20%uncertaintyon it will not affect theconclusions
of thepresentanalysis.

For Top sample1, thetop selectionis performedby applyingseverecutson theleptonleg, it can
thereforebeexpectedthattheminimum Î*ø�ø invariantmassdistribution,which is built from jetsfrom the
decayof thehadronicsidebeessentiallyunaffectedby thetopselectioncuts.Thishasindeedbeverified
to be the case[166]. The i ¦ Î	øíø © distribution from Top sample1 is thennormalizedto the observed
distribution in the high massregion, whereno signal is expected,and subtractedfrom it. A similar
procedureis followed for the i ¦ ÎBü © distribution: the top backgroundis estimatedusingTop sample2,
normalizedto theobserveddistribution in thehigh-massregion, andsubtractedfrom it. Theresultsare
shown in Figure3.25,with superimposedthe correspondingdistributions for the signal. As discussed
above,we have subtractedthe �÷ÎBÎ backgroundfrom theobserveddistributions.

For bothvariablesthetrueandmeasureddistributionsfor thesignalarecompatible,showing the
goodnessof thebackgroundsubtractiontechnique,andtheexpectedkinematicstructureis observable,
evenwith theverysmallstatisticsgeneratedfor thisanalysis,correspondingto little morethanonemonth
of datatakingat theinitial luminosityof h p Ü�Ü cmö s sö s .

Furtherwork,outsidethescopeof thisinitial exploration,isneededontheevaluationof themasses
of theinvolvedsparticlesthroughkinematicstudiesof theselectedsample

A preliminarydetailedanalysisof a SUSY modelwith a stopsquarklighter thanthe top quark
decayinginto a chargino and a Î -jet was performed. It was shown that for this specificmodel after
simplekinematiccutsasignal/background ratioof

¯
1/10canbeachieved.A new method,basedon the

selectionof puretopsamplesto subtractthetopbackgroundwasdemonstrated.Throughthismethodit is
possibleto observe thekinematicstructureof thestopdecays,andthenceto extractameasurementof the
modelparameters.This analysiscanyield a clearsignalfor physicsbeyondtheSM for just h � ¢ fb ö s ,
andis thereforeanexcellentcandidatefor earlydiscovery at theLHC.
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Fig. 3.26: Distributionsof stopandtop decays:a) the transversedisplacementof thestop(in mm), b) ��� of theÍ -quarkc) � � of thechargedleptonandd) ���
	��ôÆ� , theanglebetweenthe3-momenta��Æ and �� .

12.4 Stop decayinto right-handed sneutrino LSP

Right-handedneutrinosoffer thepossibilityto accommodateneutrinomasses.In supersymmetricmodels
this impliestheexistenceof right-handedsneutrinos.Right-handedsneutrinosareexpectedto beaslight
asothersupersymmetricparticles[372,373] if theneutrinosareeitherDirac fermionsor if the lepton-
numberbreakingscaleis at (or below) theSUSYbreakingscale, assumedto bearoundtheelectroweak
scale.Dependingon themechanismof SUSYbreaking,thelightestright-handedsneutrino q¤ Þ maybe
thelightestsupersymmetricparticle(LSP).Weconsiderin thefollowing suchascenariofocusingonthe
casewheretheright-handedstopis thenext to lightestSUSYparticleassuming£ -parity conservation.
Detailson themodelandotherscenarioscanbefoundin [372,373].

As theright-handedneutrinohasamassaround100GeV, theneutrinoYukawacouplings��� must
bevery smallto accommodateneutrinodata: ��� ¯ h p ö�� ( ��� ¯ h p ö s Ñ ) in thecaseof Majorananeutri-
nos(Dirac neutrinos).This hasasimmediateconsequencethatif theSUSYbreakingsneutrinotrilinear
“A-term” is alsoproportionalto ��� , theleft-handedandright-handedsneutrinoshardlymix independent
of neutrinophysicsbecausethe left-right mixing termis proportionalto ��� . Decaysinto q¤ Þ will give
tiny decaywidthsas � � is theonly couplingof q¤ Þ . For this reason,all decaysof supersymmetricparti-
clesareasin theusualMSSM,but for theNLSPwhoselife-time canbelongsinceit canonly decayinto
the q¤ Þ . In thecaseof a stopNLSPthedominantdecaymodeis qr<s v Î���� q¤ Þ , followedby CKM sup-
pressedonesinto � and � quarks.In thelimit wheremixing effectsfor stopsandcharginosareneglected
thecorrespondingmatrixelementsquaredin therestframeof thestopreadsas:

� ��� ç � Ñ ¯
� � � � � Ñ � ��� � Ñ Ï Ñj��� å � å �
¦ � j��� �! � © Ñ � Ï Ñ j" Ñ

¦ h «$#&%('*) � þ ©¢ � (3.74)

wherewehave assumedthattheright-handedstop qr�Þ is thelighteststopand q+ is theHiggsino, å � ( åLþ )
is theenergy of theb-quark(lepton), ) � þ is theanglebetweenthe fermions.Thecompleteformulacan
befound in [373]. The last factorin Eq. (3.74)impliesthat the Î -quarkandthe leptonhave a tendency
to go in thesamedirection.

In thefollowing we summarizetheresultsof a MonteCarlostudyat thepartonlevel [373] using

78



PYTHIA 6.327 [374]. We have taken Ï j��� l 225 GeV, Ï j� � l 100 GeV, Ï j" l 250 GeV and
� � l �-, h p ö�� resultingin a meandecaylengthof 10 mm. Note, that the stopwill hadronizebefore
decaying.However, we have neglectedtherelatedeffectsin this study. We have only considereddirect
stoppair production,andneglectedstopsfrom cascadedecays,e.g. qu v r qr�Þ . The signal is �ð� ¦ °� © vqr�Þ qr/.Þ v Î0� � ° Î0� ö « å }214353� . The dominantphysicsbackgroundis top quarkpair production: �S� ¦ °� © vr<°r v Î\�6� ° ÎB� ö v Î7��� ° Î0�!ö « å:}214383� , wherethemissingenergy is dueto neutrinosin thefinal state.We
have imposedthe following ”Level 1” cuts: (i) fermion rapidities:

� 9 þ � � ¢ ��� , � 9 � � � ¢ ��� (ii) � � cuts� � þ { ¢ p GeV, � � � { h p GeVand(iii) isolationcut £ � þ;: ¦�< � � < þ © Ñ « ¦ 9 � � 9 þ © Ñ {ºp � � .
Figure3.26showsvariousdistributionsfor stopandtopdecays.Figure3.26a)depictstheresulting

transversedisplacementafter including the boostof the stop. If it decaysbeforeexiting the tracking
subsystem,adisplacedvertex maybereconstructedthroughthestopdecayproducts’3-momentameeting
awayfrom theprimaryinteractionpoint. Oneachside,the Î -quarkitself leadsto anadditionaldisplaced
vertex, andits 3-momentumvectorcanbereconstructedfrom its decayproducts.In combinationwith
the 3-momentumof the lepton, the stop displacedvertex can be determined. In order to reveal the
displacedvertex, onemustrequireeitherthe Î -quarkor thechargedlepton3-momentumvectorto miss
theprimaryvertex. Sincea pair of stopsis produced,we wouldexpectto discerntwo displacedvertices
in theevent(not countingthedisplacedverticesdueto theb-quarks).Suchaneventwith two displaced
vertices,from eachof whichoriginatesahigh � � � and Î -quarkmightproveto bethemaindistinguishing
characteristicsof sucha scenario.A cut on thedisplacedvertex will be very effective to separatestop
eventsfrom thetopbackgroundprovidedonecanefficiently exploresuchcuts.WeanticipatethatNLSP
stopsearchesmayturnout to bephysics-background freein suchacase.

If the stopdisplacedvertex cannotbe efficiently resolved, onewill have to resortto morecon-
ventionalanalysismethods.In the remainderwe explorevariouskinematicaldistributionsfor both the
signal( qr�Þ pair production)andthephysicsbackground(

r
pair production),obtainedafter imposingthe

level 1 cutsgivenabove. Figures3.26b)andc) depictthe � � spectraof theproducedfermions.The � �
of the Î -quarkfrom the ¢!¢ � GeV stoppeaksat a lower valuecomparedto the top quarkbackground,
andthereforeacceptingthemathighefficiency for � �>= � p GeVwill beveryhelpful in maximizingthe
signalacceptance.Thesignalandbackgroundshapesarequitesimilar andno simplesetof � � cutscan
bemadein orderto significantlyseparatesignalfrom background.

Fig. 3.26d)depictsthe distribution of #&%('2) � þ , the anglebetweenthe 3-momenta? � and ? þ , for
both thesignalandbackground.It is importantto appreciatethat,by default, PYTHIA generatesstop
decaysinto the3-bodyfinal stateaccordingonly to phase-space,ignoringtheangulardependenceof the
decaymatrix element.We have reweightedPYTHIA eventsto includethecorrectangulardependence
in thedecaymatrix element.Consistentwith theexpectationfrom Eq. (3.74),we seefor thesignalthat
thedistribution peaksfor the Î -quarkandchargedlepton3-momentaaligned,unlike thebackground.It
is unfortunatethat the isolationlevel 1 cut on the leptonsremovesmoresignaleventsthanbackground
events. Relaxingthis constraintasmuchaspracticalwould help in this regard. Additional work will
be necessaryto include also the effect of spin correlationsin top productionand top decaysso that
informationfrom thequantities? � , ?A@� and ? þ&B , ? þDC canbeexploited.

Assumingefficienciesof E � lºp ��� and E � l p � n for Î -quarkandleptonidentification,respectively,
it hasbeenshown in [373] thatstopswith massesup to 500GeV canbedetectedat the5F level for an
integratedluminosityof 10fb ö s if � l ë�ì × evenif thedisplacedvertex signatureis notused.Clearly, the
situationwill beworsein thecaseof � lHG . Providedonecanexploit thedisplacedvertex information,
weexpectaconsiderableimprovementaswecouldnot identify any physicsbackground.Furtherstudies
areplannedto investigatethequestionswe have toucheduponhere.
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13 SUSYSearchesat IKJ LNM TeV with CMS

ThissectionsummarizestherecentresultsonSUSYsearchesreportedat[57]. In thecontext of thiswork
we referto thegeneralizedclassificationof modelsof new physicsaccordingto how they affect flavour
physics:

– CMFV: ConstrainedMinimal FlavourViolation [375] models:in thesemodelstheonly sourceof
quarkflavour violation is theCKM matrix. Examplesincludeminimal supergravity modelswith
low or moderatetanÛ , andmodelswith auniversallargeextra dimension.

– MFV: Minimal Flavour Violation [194] models:a setof CMFV modelswith somenew relevant
operatorsthatcontribute to flavour transitions.ExamplesincludeSUSYmodelswith largetanÛ .

– NMFV: Next-to-Minimal Flavour Violation [376] models: they involve third generationquarks
andhelpto solve theflavour problemsthatappearin frameworkssuchasLittle Higgs,topcolour,
andRSmodels.

– GFV: GeneralFlavourViolation[377] models;they providewith new sourcesof flavourviolation.
Theseincludemostof the MSSM parameterspace,andalmostany BSM modelbeforeflavour
constraintsareconsidered.

A usefuldiscussionon thesemodelscanbe found in [378]. The SUSY searchesthat aresum-
marizedherefall in thecategory of MFV (mSUGRAspecifically)andall resultsareobtainedwith the
detailedGeant-4basedCMS simulation. In thecontext of this workshopandin collaborationwith the
theorycommunitywe try to alsomove towardsinterpretationwithin NMVF models(seee.gcontribu-
tionsby R. CavanaughandO. Buchmuellerin thisvolume).Notethatsincethesquarksandsleptonscan
havesignificantflavourchangingverticesandbecomplex, theconnectionto colliderphysicscanbesub-
tle indeed,themainimplicationbeingthatthesuperpartnerscannotbetoo heavy andthatlarger tanÛ is
favored– with nodirectsignaturein general.For interpretationsof recentTevatronandB-factoryresults
the interestedreadercanrefer for exampleto [379], [380], [381], [382] andto relevant contributionsat
thisworkshop.

TheSUSYsearchpathhasbeendescribedin thepastyearsasasuccessive approximationof serial
stepsthatmove from inclusive to moreexclusive measurementsasfollows:

– Discovery: usingcanonicalinclusive searches

– Characterization:putting togethera picturegiventhechannelsthatshow excessandratiosof the
observedobjects(e.g.multi-leptons,photons(GMSB),ratioof samesignleptonsto oppositeones,
ratiosof positive pairsto negative,departurefrom leptonuniversality, third generationexcesses).

– Reconstruction:in canonicaldarkmatterLSPSUSYthefinal statecontainstwo neutralinoshence
thereis no directmasspeakdueto themissingtransverseenergy in theevent. Thekinematicsof
the intermediatedecaysprovide however a multitudeof endpointsandedgesthat might provide
massdifferencesandhelporienttowardstheright masshierarchy.

– Measurementof theunderlyingtheory: theclassicalSUSYsolving strategy involvesmoremass
combinations,moredecaychains,masspeaksandoncetheLSPmassis known thedetermination
of the masshierarchies,particles’spins,andeventually the modelparameters.An outstanding
questionremainsasto how many simplemeasurementsdoweneedto “nail” thetheory?Remem-
berthatwe did not needto measureall theStandardModel particlesandtheir propertiesin order
to measuretheStandardModel.

In the past threeyearsthe “inclusive” and “exclusive” modusquaestioquestiohave beenap-
proachedin coincidenceandin many worksthat rangein exploitationstrategy from statisticalmethods
to fully on-shelldescriptionof unknown modelsandinclusionof cosmologicalconsiderationssuchas
in [383], [384], [385], [247] and[386], to mentionbut a few.
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It is rathersafeto claim that theprogramof discovery andcharacterizationwill be (much)more
convolutedthantheonedescribedin theserialstepsabove. Realisticstudiesof kinematicedgesacross
eventhe“simple” mSUGRAparameterspaceshow thatthis is adifficult job andit will takea lot of work
andwisdomto do it right. Endpointanalysesby definitioninvolve particleswhicharevery soft in some
referenceframeandnontrivial issuesof acceptanceneedto beconsidered.

Someof mostrecentSUSYsearchesatCMS [57], proceedin thefollowing channels:

– canonicalinclusive

– multijets+å:æùçûèêè�
– × +jets+å:æùçûèêè�
– same-signdimuon+ å æLçéèêè�
– opposite-signsameflavour dielectronanddimuon+ å æLçéèêè�
– opposite-signsameflavour hadronicditau+ å æLçéèêè�
– trileptonsat high i �

– higherreconstructedobjectinclusive

–
� � + å æLçéèêè�

– hadronictop+ å æLçéè*è�
– O ¦ v Î ° Î © + å:æùçûèêè�

– flavour violating

– opposite-signdifferentflavour ë × FV neutralinodecays(contributing to thisworkshopalso)

The attemptis to have an asmodel-independentsignature-basedsearchstrategy with educated
input from theory. Theinterpretationof thesearchresultsaregiven in thecontext andparameterspace
of mSUGRAbut re-interpretingthemin differentmodelsis possible.All of thesearchesareincluding
detectorsystematicuncertaintiesandascanthatprovidesthe5F reachin themSUGRAparameterspace
is derivedfor 1P Î ö s and10P Î ö s asshown in figure3.27Thedetailsof theanalysesandindividualsearch
resultscanbefoundat [57].
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Chapter 4

Non-supersymmetricStandard Model extensions

J.A. Aguilar SaavedraandG. Ünel

1 Intr oduction

AlthoughtheStandardModel (SM) hasseeminglysurvived many stringenttestsofferedby bothpreci-
sion measurementsanddirect searches,it hasa numberof shortcomings.The mostunpleasantoneis
the “instability” of theHiggsbosonmasswith respectto radiative corrections,known asthehierarchy
problem. If the SM is assumedvalid up to a high scalê of the orderof the Planckmass,radiative
correctionsto Ï`_ from top quark loopsareof order a�Ï Ñ_ ¯ ^ Ñ , i.e. muchlarger than Ï`_ which is
expectedto beof theorderof theelectroweakscale.Therequirementthat Ïb_ and aíÏ`_ areof thesame
orderwould imply a cutoff (andhencenew physicsat) ^ ¯ h � ¢ TeV. Someotheraspectsof theSM
thatmake it unappealingastheultimatetheoryof fundamentalinteractions(excludinggravity) are:

– thelackof simplicity of thegaugestructure,

– thelargehierarchyof fermionmassesandquarkmixings,andthelargenumberof apparentlyfree
parametersnecessaryto describethem,

– thesourceof baryogenesis,which cannot beexplainedby theamountof CPviolation presentin
theSM,

– the unknown mechanismbehindtheneutrinomassgeneration(neutrinoscanhave Dirac masses
simply with theintroductionof right-handedfields,but presentlimits i>c ¯ h eV requireunnatu-
rally smallYukawa couplings).

Therefore,theSM is believed to be the low-energy limit of a morefundamentaltheory. Several
argumentssuggestthatthis theorymaymanifestitself at energiesnot muchhigherthantheelectroweak
scale,andgive supportto thehopethatLHC will provide signalsof new physicsbeyondtheSM.

This chapterdealswith non-supersymmetriccandidatetheoriesasextensionsto theSM. Among
themostfrequentlystudiedones,thefollowing onescanbementioned.

1. Grandunifiedtheories(GUTs). In thesemodelstheSM gaugegroupSU¦��!© �ed SU¦ ¢ ©gf d U ¦ h ©gh
is embeddedinto a largersymmetrygroup,which is recoveredat a higherscale.They predictthe
existenceof new fermions(e.g. Ý l � h ª!� singlets)andnew gaugebosons(especially

�ji
), which

maybeat thereachof LHC.

2. Little Higgs models. They addressthe hierarchyproblemwith the introductionof extra gauge
symmetriesandextra matterwhich stabilisethe Higgs massup to a higherscalê

¯ h p TeV.
In particular, the top quark loop contribution to the Higgs massis partially cancelledwith the
introductionof a Ý l ¢ ª!� quarksinglet

�
.

3. Theorieswith extra dimensions.Thevariousextra-dimensionalmodelsavoid thehierarchyprob-
lem by loweringthePlanckscalein thehigherdimensionaltheory, andsomeof themcanexplain
the large hierarchiesbetweenfermionmasses.Theobservableeffect of theadditionaldimension
is theappearanceof “towers” of Kaluza-Klein(KK) excitationsof fermionsandbosons,with in-
creasingmasses.Dependingon the model, the lightestmodescanhave a massaroundthe TeV
scaleandthusbeproducedatLHC.

It shouldbe stressedthat theseSM extensions,sometimeslabelledas“alternative theories”do not ex-
cludesupersymmetry(SUSY).In fact,SUSYin its minimal versionsdoesnotaddresssomeof theopen
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questionsof theSM. Oneexampleis themotivationbehindtheapparentgaugecouplingunification.The
renormalisation-group evolutionof thecouplingconstantsstronglysuggeststhatthey unify ataveryhigh
scaleÏ GUT

¯ h p s5k GeV, andthattheSM gaugegroupis asubgroupof a largerone,e.g. SO¦ h p!© , E� or
otherpossibilities.Thus,SUSYcannaturallycoexist with GUTs.Anotherexampleof complementarity
is SUSY + Little Higgs models. If SUSY is broken at the TeV scaleor below, it may give dangerous
contributionsto flavour-changingneutral(FCN) processesandelectricdipolemoments(EDMs). These
contributionsmustbesuppressedwith some(well justifiedor not) assumption,like minimal supergrav-
ity (MSUGRA) with realparameters.Theseproblemsarealleviatedif SUSYis brokenat ahigherscale
and,upto thatscale,theHiggsmassis stabilisedby anothermechanism,asit happensin theLittle Higgs
theories.

With the forthcomingLHC, theoriesbeyond theSM will be testeddirectly throughthesearches
of thenew particles,andindirectly, with measurementsof thedeviationsfrom SM precisionvariables.
Insteadof studyingthe differentSM extensionsandtheir additionalspectrumseparately, we follow a
phenomenological/experimental approach.Thus,thischapteris organisedaccordingto thenew particles
which areexpectedto beproduced.Section2 reviews thesearchesfor thenew quarksandsection3 for
new heavy neutrinos.Studiesfor new gaugebosonsarecollectedin sections4 and5, andin section6
somenew scalarsignalsarepresented.DetailedinformationabouttheSM extensionspredictingthese
new particlesis not includedin this reportfor brevity (althoughthetext is asself-containedaspossible).
Instead,theinterestedreaderis encouragedto referto theoriginal papersanddedicatedreviews (seefor
instance[387–391]). Theobservation of thesenew particleswould prove, or at leastprovide hints, for
the proposedtheories. In this case,the identificationof the underlyingtheorymight be possiblewith
themeasurementof thecouplings,productionanddecaymodesof thenew particle(s).Alternatively, the
non-observation of the predictedsignalswould disprove the modelsor imposelower boundsfor their
massscales.

2 Newquarks

At present,additionalquarksarenot requiredneitherby experimentaldatanor by the consistency of
the SM. But on the other handthey often appearin GrandUnified Theories[59,392], Little Higgs
models[389,393,394],FlavourDemocracy [395] andmodelswith extradimensions[24,391,396]. Their
existenceis notexperimentallyexcludedbut theirmixing,mainlywith thelightestSM fermions,is rather
constrained.They canleadto variousindirecteffectsat low energies,andtheir presencecouldexplain
experimentaldeviationseventuallyfound,for instancein l î asymmetriesin m decays.They canalso
enhanceflavour-changingprocesses,especiallythoseinvolving the top quark. Theseissueshave been
dealtwith in otherchaptersof this report.Herewearemainlyconcernedwith theirdirectproductionand
detectionatLHC.

New quarkssharethesameelectromagneticandstronginteractionsof standardquarks,andthus
they canbeproducedatLHC by t °t annihilationandgluonfusionin thesamewayasthetopquark,with
a crosssectionwhich only dependson their mass,plottedin Fig. 4.1. Dependingon their electroweak
mixing with the SM fermions, they can be producedsingly as well [397–399]. Their decayalways
takesplacethroughelectroweakinteractionsor interactionswith scalars,andthespecificdecaymodes
availabledependon the particularSM extensionconsidered.Let us considera SM extensionwith ¤
“standard”chiral generations(left-handeddoubletsandright-handedsingletsunder n�o ¦ ¢ ©gf ), plus prq
up-typeand prs down-typesingletsunderthis group.1 While (left-handed)n�o ¦ ¢ ©gf doubletscoupleto
the � ã and � Ü bosons,singletfieldsdonot. TheLagrangianin theweakeigenstatebasisreads

t;u l � uv ¢ °w
i fyx�z � i f �|{z «~} � # � ì

1Anomalycancellationrequiresthatthenumberof leptongenerationsis also� . For ����� thisimpliesadditionalneutrinos
heavier than�>�N��� to agreewith the � invisiblewidth measurementatLEP. Ontheotherhand,quarksingletscanbeintroduced
alone,sincethey donotcontributeto anomalies[392].
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t�� l � u¢ � u °w i f x z w i f � °� i f x z � i f � ¢ � Ñ u ï���� �
z ì (4.1)

where¦ w i ì�� i © f arethe ¤ doubletsundern�o ¦ ¢ © f and ï ��� is theelectromagneticcurrentwhich includes
all (charged)quarkfields.Thenumberof masseigenstateswith charges ¢ ª!� and � h ª!� is ¤ q�: ¤º« prq ,¤ s�: ¤ « prs , respectively. TheresultingweakinteractionLagrangianin themasseigenstatebasisis

t;u l � uv ¢
� °w f x z]� � fy� � {z «�} � # � ì

t�� l � u¢ � u °w f x�z(� q w f � °� f x�z�� s � f � ¢ � Ñ u ï���� �
z ì (4.2)

where w f�� Þ , � f�� Þ arecolumnvectorsof dimensions¤ q , ¤ s , and ï���� is the electromagneticcurrent
(includingall masseigenstates).The ¤ q d ¤ s matrix � (notnecessarilysquare)is thegeneralisationof
the � d � CKM matrix. Thematrices� q l ��� { , � s l � { � have dimensions¤ q d ¤ q and ¤ s d ¤ s ,
respectively. In casethat prq { p the up-typemasseigenstatesaremixture of weakeigenstateswith
different isospin,andthusthematrix � q is not necessarilydiagonal. In otherwords, � is not unitary
(but its � d � submatrixinvolving SM quarksis almostunitary), what preventsthe GIM mechanism
from fully operating. Analogousstatementshold for the down sector. Therefore,modelswith quark
singletscanhave tree-level flavour-changingneutral(FCN) couplingsto the

�
boson.Thesecouplings

aresuppressedby themassof thenew masseigenstates,e.g. � � � ¯ i � i � ª i Ñ � (with
�

a new charge¢ ª!� quark),whatforbidsdangerousFCNcurrentsin thedown sectorbut allows for observableeffectsin
topphysics.

0 500 1000 1500 2000 2500
m

Q
 (GeV)

10
-2

10
-1

1

10

10
2

10
3

10
4

10
5

10
6

σ 
(f

b)

Fig. 4.1: Tree-level crosssectionfor pairproductionof heavy quarks� in ��� collisionsat � �j����  TeV, ¡¢¡N£�¤�¥¤j¦
� ¥� . CTEQ5LPDFsareused.

As within theSM, its extensionswith extraquarkstypically haveoneHiggsdoubletwhichbreaks
theelectroweaksymmetryandoriginatesthefermionmasses.Thesurviving scalarfield O couplesto the
chiralfields(throughYukawacouplings)but notto theweakeigenstateisosinglets.In themasseigenstate
basis,thescalar-quarkinteractionsread

t _ l � u
¢ Ï u °w Þr§ q � q w fä« °� Þr§ s � s � f O «�} � # � ì (4.3)

with
§ q , § s thediagonalmassmatrices,of dimensions¤ q d ¤ q and ¤ s d ¤ s . SM extensionswith

extra quarksusuallyintroducefurtherscalarfields,e.g. in E� additionalscalarsingletsarepresent,but
with VEVs typically muchhigherthanthemassscaleof thenew quarksandsmallmixing with O . Also, in
supersymmetricversionsof E� therearetwo Higgsdoublets,in whichcasethegeneralisationof Eq.(4.3)
involves two scalarfields and the ratio of their VEVs Ø�Ù\Ú Û . However, the main phenomenological
featuresof thesemodelscanbe describedwith the minimal scalarsectorandLagrangianin Eq. (4.3).
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(Of course,thisdoesnotprecludethatwith appropriatebut in principlelessnaturalchoicesof parameters
onecanbuild modelswith a completelydifferentbehaviour.) In particular, from Eq.(4.3) it follows that
FCN interactionswith scalarshave thesamestrengthastheonesmediatedby the

�
boson,up to mass

factors.NotealsothatEq. (4.3)doesnot contradictthefact thatnew heavy masseigenstates,which are
mainly n�o ¦ ¢ ©gf singlets,have smallYukawa couplings.For example,with anextra Ý÷l ¢ ª!� singletthe
Yukawa couplingof thenew masseigenstate

�
is proportionalto i � � � � ¡ i � � � � � � Ñ ¯ i � ª i Ñ � (see

alsosection2.1below).

More generalextensionsof the SM quarksectorinclude right-handedfields transformingnon-
trivially under n�o ¦ ¢ ©gf . The simplestof suchpossibilitiesis the presenceof additional isodoublets¦ � ì�m ©gf�� Þ . Their interactionsaredescribedwith the right-handedanalogousof the termsin Eqs.(4.2)
anda generalisationof Eq. (4.3). From thepoint of view of collider phenomenology, their production
anddecaytakesplacethroughthesamechannelsasfourth generationor singletquarks(with additional
gaugebosonstherewouldbeadditionalmodes).However, theconstraintsfrom low energy processesare
muchmorestringent,sincemixing with a heavy isodoublet¦ � ì�m ©gf�� Þ caninduceright-handedcharged
currentsamongthe known quarks,which areabsentin the SM. An exampleof this kind is a � r Þ Î Þ
interaction,whichwouldgive a largecontribution to theradiative decayÎ v � x (seechapter2.2.1.1).

A heavy quark Ý of eithercharge candecayto a lighter quark t i via charged currents,or to a
lighter quark t of thesamecharge via FCN couplingsif they arenonzero.Thepartialwidths for these
decaysare[400]

¨ ¦�Ý v � � t i ©Ll Ó
h ± � Ñ u

� ��© z�ª � Ñ i ©Ï Ñu¬« ¦ i © ìêi zª ì'Ï
u © s�® Ñ

d h « Ï Ñui Ñ © � ¢
i Ñ z ª
i Ñ © � ¢

Ï ñu
i ñ © «

i ñ �
i ñ © «

Ï Ñu i Ñ z ª
i ñ © ì

¨ ¦�Ý v � t ©�l Ó
� ¢ � Ñ u � Ñ u

� � © z � Ñ i ©Ï Ñ� « ¦ i © ìêi z ì'Ï
� © s�® Ñ

d h « Ï Ñ�i Ñ © � ¢
i Ñ z
i Ñ © � ¢

Ï ñ�
i ñ © «

i ñ �
i ñ © «

Ï Ñ� i Ñ z
i ñ © ì

¨ ¦�Ý v O t ©Ll Ó
� ¢ � Ñ u

� � © z � Ñ i ©Ï Ñu « ¦ i © ìêi z ì'Ï`_ ©
s�® Ñ

d h « ± i Ñ zi Ñ © �
Ï Ñ_i Ñ © «

i ñ z
i ñ © �

i Ñ z Ï Ñ_
i ñ © ì (4.4)

with

« ¦ i © ìêiwì'Ï © : ¦ i ñ © « i ñ « Ï ñ � ¢ i Ñ © i Ñ � ¢ i Ñ © Ï Ñ � ¢ i Ñ Ï Ñ © (4.5)

a kinematicalfunction. (The superscriptsw , � in the FCN couplings� © z may be droppedwhenthey
are clear from the context.) SinceQCD and electroweak productionprocessesare the samefor � �°¯
generationandexotic quarks,their decaysprovide theway to distinguishthem. For quarksingletsthe
neutralcurrentdecaysÝ v � t arepossible,andkinematicallyallowed (seebelow). Moreover, for
a doubletof SM quarks ¦ t ì t i © of the samegenerationonehas

¨ ¦�Ý v � t © ¡ h ª ¢ ¨ ¦�Ý v � t i © ,
for i ©|± i z ìêi z�ª ì'Ï � ì'Ï u . Dependingon theHiggsmass,decaysÝ v O t maybe kinematically
allowed aswell, with a partial width

¨ ¦�Ý v O t © ¡ h ª ¢ ¨ ¦�Ý v � t i © for i © muchlarger thanthe
othermassesinvolved. Both FCN decays,absentfor � �°¯ generationheavy quarks,2 provide cleanfinal
statesin whichnew quarksingletscouldbediscovered,in additionto thechargedcurrentdecayspresent
in all cases.If thenew quarksmix with the SM sectorthroughright-handedinteractionswith theSM

2For ² ¶´³ generationquarksneutraldecayscantake placeradiatively, andcanhave sizeablebranchingratios if tree-level
chargedcurrentdecaysareverysuppressed,seesection2.4.1.
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gaugeandHiggs bosons,the decaysarethe sameasin Eq. (4.4) but replacing ��© z ª and � © z by their
right-handedanalogues.If the new quarksarenot too heavy, the chirality of their interactionscanbe
determinedby measuringangularor energy distributionsof thedecayproducts.For instance,in a decay� v � � Î v ��ý Î thechargedleptonangulardistribution in � restframe(or its energy distribution in�

restframe)anbeusedto probethe � � Î interaction(seethediscussionafterEq.(4.7)below, andalso
chapter2.2.1.2).

Searchesat Tevatronhave placedthe 95% CL limits i>µ·¶ h ¢ á GeV [338] (in chargedcurrent
decays,assuming100%branchingratio), i � ª ¶ h n!n GeV [401] (assumingBR(Î i v � Î )=1), where Î i
is a charge � h ª!� quark. If a priori assumptionson Î i decaysarenot made,limits canbe foundon the
branchingratiosof thesetwo channels[402] (seealso[403,404]). In particular, it is found that for Î i
quarkswith masses̄ h p!p GeV nearthe LEP kinematicallimit therearesomewindows in parameter
spacewhere Î i couldhave escapeddiscovery. For a charge ¢ ª!� quark

�
, thepresentTevatronboundisi � ¶ ¢ �!á GeV[405] in chargedcurrentdecays

� v � � Î , verycloseto thekinematicallimit i � « Ï �
wheredecays

� v � r
arekinematicallypossible.Theprospectsfor LHC arereviewedin thefollowing.

2.1 Singlets: charge ¸�¹�º
A new up-typesinglet

�
is expectedto couplepreferrablyto thethird generation,dueto thelargemassof

thetop quark.TheCKM matrix element� � � is expectedto beof order i � ª i � , althoughfor
�

masses
at the TeV scaleor below the exact relation � � � l i � ª i � entersinto conflict with latestprecision
electroweak data. In particular, the moststringentconstraintcomesfrom the » parameter[23]. The
most recentvalues[338] » l � p � h � � p � h!h (for o arbitrary), » l � p � p!� � p � p!n (setting o l p )
imply the95%CL bounds»½¼ p � p � , »H¼ p � h!h � , respectively. Theresultinglimits on

� � � � � areplotted
in Fig. 4.2, including for completenessthe limit from £ � (plus other correlatedobservableslike £ � ,
theFB asymmetriesandcouplingparameters)andtheboundon i � from directsearches.Themixing
valuesobtainedfrom the relation � � � l « i � ª i � arealsodisplayed,for « l h (continuousline) and

« l p ��� � ¢ (gray band). In this classof modelsthe new contributions to o arevery small, so it is
sensibleto usethe lessrestrictive bound »6¼ p � h!h � . Even in this case,mixing angles� � � l i � ª i �
seemtoo large for

�
lighter than 1.7 TeV. Of course,the importanceof the bound »¾¼ p � h!h � , and

indirectboundsin general,mustnot beneitheroveremphasisednor neglected.Additional new particles
presentin thesemodelsalsocontributeto » andcancancelthecontribution from thenew quark.But this
requiresfine-tuningfor lower

�
massesand/orlarger � � � mixings.
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Themaindecaysof thenew quarkare
��ÈÊÉ �*Ë , ��È �ÍÌ

,
�ÎÈ O Ì , with partialwidthsgivenby
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Eqs.(4.4). Their characteristicfeaturesare:

(i)
�ÏÈÐÉ �*Ë : Thedecays

É È � � ý , �-ÑÓÒ�Ô&Õ originatevery energetic chargedleptons,not only
dueto thelarge

�
massbut alsoto spineffects[406]: for large Ö>× thechargedleptonsareemitted

moretowardsthe
É

flight direction.

(ii)
�ØÈ �ÍÌ

: The leptonicdecays
� È � � � ö producea very cleanfinal state,althoughwith a small

branchingratio.

(iii)
�|È O Ì : For a light Higgs,its decayO È ËÚÙ Ë andthedecayof thetopquarkgive a final statewith
three Ë quarks,which canbe taggedto reducebackgrounds.They have an additionalinterestas
they canproduceHiggsbosonswith a largecrosssection[400,407].

2.1.1 Discovery potential

In Û pair productionthe largest Ö>× reachis provided by themodeÛ ÙÛ ÈÜÉ6Ý Ë É|Þ Ù Ë andsubsequent
semileptonicdecayof the

É Ý É Þ
pair, plusadditionalcontributionsfrom otherdecaymodesgiving the

samesignatureplusadditionaljetsor missingenergy [69,406]

Û ÙÛ ÈßÉ Ý Ë É Þ Ù Ë Èáà Ý*â Ë Ùã�ã i Ù Ë Ô
Û ÙÛ ÈßÉ Ý Ë O ÙÌ�ä O Ì É Þ Ù Ë ÈÊÉ Ý Ë É Þ Ù Ë O Èáà Ý â Ë Ùã�ã i Ù ËjË Ù Ë ä(å Ùå Ô
Û ÙÛ ÈßÉ Ý Ë�æ ÙÌÂä æ Ì É Þ Ù Ë ÈßÉ Ý Ë É Þ Ù Ë�æ Èçà Ý â Ë Ùã�ã i Ù Ë ã i i Ùã i i ä

â
Ù
â Ô (4.6)

Thesesignalsarecharacterisedby oneenergeticchargedlepton,two Ë jetsandatleasttwo additionaljets.
Their mainbackgroundsaretop pair andsingletop productionand

É ä æeËÚÙ Ë plus jets. Chargedleptons
originatingfrom Û ÈèÉ Ë Èéà â Ë decaysaremuchmoreenergetic thanthosefrom

Ì ÈèÉ Ë Èéà â Ë , as
it hasbeenstressedabove. Thechargedleptonenergy distribution in Û (

Ì
) restframereads

ê
¨
ë ¨
ë�ìÍí Ñ

ê
î ì maxí ï ì miníñð�ò ó î ìôí ï ì miní ð�õ÷öùøbú ó î ì maxí ï ìÍí ð�õ÷öùû
ú�ü î ì maxí ï ìÍí ð î ìÍí ï ì miní ðyö\ý Ô (4.7)

with öùþ the
É

helicity fractions(seechapter2.2.1.2),which satisfy ö û ú¬ö ø úÿö ý Ñ ê
. For the top

quarkthey are ö\ý Ñ�������� ó , ö]û Ñ���������� , öùø	� � , while for Û with amassof 1 TeV they are ö]ý Ñ���������� ,ö û Ñ
����� ê ó , ö ø � � . It mustbepointedout that for large Ö>× , ö ý � ê evenwhenright-handed
É Û Ë

interactionsareincluded;thus,thechirality of this vertex cannotbedeterminedfrom theseobservables.
Themaximumandminimumenergiesdependonthemassof thedecayingfermion,andare

ì miní Ñ ê�� ���
GeV,

ì maxí Ñ � ���  GeV for
Ì
, and

ì miní Ñ ó ��� GeV,
ì maxí Ñ������ GeV for Û (with Ö>× =1 TeV). The

resultingenergy distributionsarepresentedin Fig. 4.3 (left) for the sameÛ massof 1 TeV. The larger
meanenergy in the restframeof theparentquarkis reflectedin a larger transversemomentum� lep× in
laboratoryframe,asit canbe observed in Fig. 4.3 (right). For the secondandthird decaychannelsin
Eq. (4.6),denotedby

î�� ð and
î æ ð respectively, thetail of thedistribution is lesspronounced.This is so

becausethechargedleptonoriginatesfrom Û È É Ë È à â Ë only half of thetimes,andtherestcomes
from

Ì ÈßÉ Ë È¾à â Ë andis lessenergetic.

Backgroundis suppressedby requiringlarge transversemomentaof the charged leptonandthe
jets,andwith theheavy quarkmassreconstruction.The reconstructedmassesof theheavy quarksde-
cayinghadronically(Ö had× ) andsemileptonically(Ö lep× ) areshown in Fig. 4.4. For the leadingdecay
modeÛ ÙÛ ÈèÉ Ý Ë É Þ Ù Ë thesedistributionshave a peakaroundthetrue Ö>× value,takenhereas1 TeV,
but for theadditionalsignalcontributionstheeventsspreadoverawiderange.Thus,kinematicalcutson
� lep× , Ö had× , Ö lep× considerablyreducetheextrasignalcontributions.

Theestimated��� discovery limits for 300fb
Þ��

canbesummarisedin Fig. 4.5. They alsoinclude
the resultsfrom Û�� (plus ÙÛ�� ) production,wherethe decayÛ È É6Ý Ë (or ÙÛ È É6Þ Ù Ë ) alsogivesthe
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Fig. 4.4: Reconstructedmassesof theheavy quarksdecayinghadronically(left) andsemileptonically(right), for
theprocessesin Eqs.(4.6)with � ���	� TeV, andtheirmainbackground�"!� .

highestsensitivity for large Û masses[408]. The Ö>× reachin Û ÙÛ productionis independentof # ×%$ , but
the Û�� crosssectionscaleswith & # ×%$ & õ , andthusthesensitivity of thelatterprocessdependson # ×%$ . Û
massesontheleft of theverticalline canbeseenwith ��� in Û ÙÛ production.Valuesof Ö>× and # ×%$ over
thesolidcurvecanbeseenin Û�� production.Thelatterdiscovery limits havebeenobtainedby rescaling
theresultsfor Ö>×�Ñ ê TeV in Refs.[408,409]. The95%CL boundsfrom the ' parameter(for ( Ñ)�
and ( arbitrary)aresrepresentedby the dashedanddottedlines, respectively. Then, the yellow area
(light grey in print) representstheparameterregion wherethenew quarkcannotbediscoveredwith ��� ,
andtheorangetriangle(darkgray)theparametersfor which it canbediscoveredin singlebut not in pair
production.

Severalremarksarein orderregardingtheseresults.Thelimits shown for Û ÙÛ andÛ*� only include
the channelÛ È É Ý Ë (with additionalsignalcontributionsgiving the samefinal statein the former
case).In bothanalysestheevaluationof backgrounds,e.g.

Ì ÙÌ , doesnot includehigherorderprocesses
with extra hardjet radiation:

Ì ÙÌ � , Ì ÙÌ �+� , etc. Thesehigherorder
Ì ÙÌ-, � contributionsmaybe importantin

thelargetransversemomentaregionwherethenew quarksignalsaresearched.Systematicuncertainties
in the backgroundarenot includedeither, and they lower the significancewith respectto the values
presentedhere.On theotherhand,additionalÛ decaychannelscanbeincludedandtheeventselection
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Fig. 4.5: Estimated.0/ discovery limits for a new charge 10243 quark� in � !� and�65 production.

couldberefined,e.g. by a probabilisticmethod,sothat thelimits displayedin Fig. 4.5arenot expected
to besignificantlydegradedwhenall of theseimprovementsaremadein theanalysis.

2.1.2 Higgs discovery from 7 decays

Apart from thedirectobservationof thenew quark,anotherexciting possibility is to discover theHiggs
bosonfrom Û decays[400,407]. Very recentresultsfrom CMS have significantlyloweredtheexpecta-
tionsfor thediscovery of a light Higgsbosonin

Ì ÙÌ � production,with
�KÈ ËÚÙ Ë . This decreaseis dueto a

morecarefulcalculationof the
Ì ÙÌ-, � background,andto theinclusionof systematicuncertainties[57]. As

a result,a light Higgsis impossibleto seein this process,with astatisticalsignificanceof only 89��� :���
for 30 fb

Þ��
of luminosityand ;=<�Ñ ê(ê � GeV. But if anew quarkÛ existswith amoderatemass,its pair

productionanddecays

Û ÙÛ ÈÊÉ Ý Ë � ÙÌ�ä � Ì É Þ Ù Ë ÈßÉ Ý Ë É Þ Ù Ë �ÆÈáà Ý*â Ë Ùã�ã4> Ù Ë;ËÚÙ Ë ä(å Ùå Ô
Û ÙÛ È?� Ì � ÙÌ ÈÊÉ Ý Ë É Þ Ù Ë �:� Èáà Ý â Ë Ùã¢ã > Ù Ë;ËÚÙ Ë ä(å Ùå ËÚÙ Ë ä(å Ùå Ô
Û ÙÛ È æ Ì � ÙÌÂä � Ì æ ÙÌ ÈßÉ Ý Ë É Þ Ù Ë � æ Èáà Ý â > Ë Ùã�ã > Ù Ë;ËÚÙ Ë ä(å Ùå ã > > Ùã > > ä

â
Ù
â

(4.8)

provideanadditionalsourceof Higgsbosonswith alargecrosssection(seeFig.4.1)andatotalbranching
ratio closeto

ê ä � . Thefinal stateis thesameasin
Ì ÙÌ � productionwith semileptonicdecay:onecharged

lepton,four or more Ë -taggedjetsandtwo non-taggedjets. Themainbackgroundsare
Ì ÙÌ@, � production

with two Ë mistagsand
Ì ÙÌ ËÚÙ Ë production.Theinclusionof higherorder(

,BA � ) contributionsis relevant
becauseof their increasingefficiency for larger

,
(theprobability to have two Ë mistagsgrows with the

jet multiplicity). The larger transversemomentainvolved for larger
,

alsomake higherorderprocesses
moredifficult to suppresswith respectto the Û ÙÛ signal.Lowerordercontributions(

,DC � ) areimportant
aswell, dueto pile-up.Themethodfollowedto evaluatetoppairproductionplusjetsis to calculate

Ì ÙÌE, �
for
, ÑF�(ÔG�G�G�
ÔG� with HJIJKMLJNMO [306] anduse PMQJRJSUTWV 6.4 [410] to includesoft jet radiation,usingthe

MLM matchingprescription[411] to avoid doublecounting.

Backgroundsuppressionis challengingbecausethe higher-order X ÙX , � backgroundsare lessaf-
fectedby large transversemomentumrequirements.Moreover, the signalcharged leptonsarenot so
energetic,andcannotbeusedto discriminatesignalandbackgroundasefficiently asin thepreviousfinal
state.Backgroundis suppressedwith a likelihoodmethod.SignalandbackgroundlikelihoodfunctionsY[Z

,
Y[\

canbebuilt. usingasvariablesseveraltransversemomentaandinvariantmasse,asthoseshown
in Fig. 4.6, aswell asanglesandrapiditiesof final stateparticles. (Additional detailscanbe found in
Ref.[400].) Performingcutsontheseandothervariablesgreatlyimprovesthesignalobservability. For a
luminosityof 30 fb

Þ��
, thestatisticalsignificancesobtainedfor theHiggssignalsin final stateswith four,
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Fig. 4.6: Severalusefulvariablesto discriminatebetweenheavy quarksignalsandbackgroundfor � !� production
in 4] final states:heavy quarkreconstructedmasses(� had� , � lep� ), missingenergy (̂ �_ ), andmaximum̂a` of the
] -taggedjets(̂abdcmax` ). Themainsignalprocesses(first two onesin Eqs.(4.8)aredenotedby eBf , fJf , respectively.

fiveandsix g jetsare[400]

hg jets i ü �  ó �kj
�lg jets i ü �������kjü g jets im��� ü ó �kj (4.9)

includinga 20%uncertaintyin thebackground.Additional backgroundslike electroweak XonX"g n g produc-
tion, X nX å nå (QCD andelectroweak)and p ä æ g n g plus jets aresmallerbut have alsobeenincluded. The
combinedsignificanceis

ê ��� :��� , a factorof 25 larger thanin XonX � productionalone.Then,this process
offers a goodopportunityto quicky discover a light Higgs boson(approximatelywith 8 fb

Þ��
) in final

statescontaininga chargedleptonandfour or more g quarks.Thesefiguresareconservative, sincead-
ditional signalprocessesÛ nÛ , � have not beenincludedin thesignalevaluation.Thedecaychannelsin
Eqs.(4.8)alsoprovide thebestdiscovery potentialfor qsr relatively closeto theelectroweakscale.For
qsrut������ GeV, asassumedhere,��� discovery of thenew quarkcouldbepossiblewith 7 fb

Þ��
.

2.2 Singlets: charge v=w:xay
Down-typeiso-singletquarkarisein the

ì{z
GUT models[59]. Thesemodelspostulatethat thegroup

structureof the SM, |%(~} î ó ð�� |%(�� î � ð�� (�� î ê ð , originatesfrom the breakingof the � z GUT scale
down to theelectroweakscale,andthusextendeachSM family by theadditionof oneisosingletdown
typequark.

Following theliterature,thenew quarksaredenotedby letters� , � , and � . Themixingsbetween
theseand SM down type quarksis responsiblefor the decaysof the new quarks. In this study, the
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intrafamily mixings of the new quarksareassumedto be dominantwith respectto their inter-family
mixings. In addition,asfor the SM hierarchy, the � quarkis taken to be the lightestone. The usual
CKM mixings,representedby superscript� , aretakento bein theupsectorfor simplicity of calculation
(whichdoesnotaffecttheresults).Therefore,theLagrangianrelevantfor thedown typeisosingletquark,
� , becomesasimplificationof equationset4.2. It canexplicitely bewritten as:

��� t
� ��6���@�
� � �U��� �k�+� n���4�J� î ê ï �J� ð ë6�@� ��� ú n���4�J� î�� ï �M� ð �D��� � � p

�
(4.10)

ï � ��6���@�
���� �k� �

��� �k� �@� �¡��@� �¢� � n£ �J� î�� ï �M� ð � ¤ �

ï � ��6���@�� � �@� �¡�+�¥��� �k�+� n� � � ���� � õ � � ï ó ��� � õ � î�� ï � � ð � ¤ �

ï � ��6� �@�� � �@� �¡�+�¥��� �k�+� n£ �J� ���� � õ �+� ï ó �@� � õ � î�� ï �J� ð £ ¤
� ú h.c.

Themeasuredvaluesof #M¦W§ , # ¦o¨ , #J¦ $ constrainthe
£

and � mixing angle � to &©��� �k�{&«ª)������� as-
sumingthe squaredsum of row elementsof the new ó �  CKM matrix equalunity (see[49] and
referencesthereinfor CKM matrix relatedmeasurements).The total decaywidth andthecontribution
by neutralandchargedcurrentswerealreadyestimatedin [412]. As reportedin this work, the � quark
decaysthrougha p bosonwith a branchingratio of 67%andthrougha ¤ bosonwith a branchingratio
of 33%. If the Higgs bosonexists, in additionto thesetwo modes,� quarkmight alsodecayvia the
�¬ � £

channelwhich is availabledueto � ï £ mixing. Thebranchingratio of this channelfor the
caseof qs<®t � ��� GeVand�«� �k�¯t�������� is calculatedto beabout25%,reducingthebranchingratiosof
theneutralandchargedchannelsto 50%and25%,respectively [413,414].

2.2.1 The discovery potential

Thediscovery potentialof the lightestisosingletquarkhasbeeninvestigatedusingthepair production
channelwhich is quasi-independentof themixing angle � . Themain treelevel Feynmandiagramsfor
thepair productionof � quarksat LHC aregluonfusion,and ° ï ° annihilation.The ±�� � and � � �
verticesarethesameastheir SM down quarkcounterparts.Themodificationto the ¤ £ £ vertex dueto£ ï � mixing canbeneglecteddueto thesmallvalueof ��� �k� .

TheLagrangianin Eq. (4.10)wasimplementedinto treelevel eventgenerators,²M³J´MKJµJNMK 4.3[415]
and ¶JVM·J¸M¹JVJKMS 2.3 [416]. The impact of uncertaintiesin partondistribution functions(PDFs)[131],
is calculatedby using differentPDF sets,to be lessthan10% for � quarkmassvaluesfrom 400 to
1400 GeV. For example at qsº»t � ��� GeV and ¼ õ t½q õ ¾ , the crosssectionvaluesare 450 fb
(²J³M´JKMµJNJK , CTEQ6L1) and 468 fb (²M³J´JKMµJNMK , CTEQ5L) versus449 fb (¶JVJ·M¸J¹MVJKJS , CTEQ6L1) and
459 fb (¶MVJ·M¸J¹JVMKJS , CTEQ5L) with an errorof aboutonepercentin eachcalculation.The largestcon-
tribution to the total crosssectioncomesfrom the gluon fusion diagramsfor � quarkmassesbelow
1100GeV, while for higher � quarkmasses,contributionsfrom ¿ -channel° n° annihilationsubprocesses
becomesdominant.For thesecomputations,° n° areassumedto beonly from thefirst quarkfamily since,
the contribution to the total crosssectionfrom ¿ n¿ is about10 timessmallerandthe contribution fromÀ nÀ and g n g areabout100 timessmaller. The X -channeldiagramsmediatedby ¤ and p bosons,which
aresuppressedby thesmall valueof ��� � � (for example0.4 fb at q º t � ��� GeV) werealsoincluded
in thesignalgeneration.Theisosingletquarksbeingvery heavy areexpectedto immediatelydecayinto
SM particles.Thecleanestsignalcanbe obtainedfrom both � s decayingvia a ¤ boson.Although it
hasthesmallestbranchingratio, the4 leptonand2 jet final stateoffersthepossibilityof reconstructing
the invariantmassof ¤ bosonsandthusof both � quarks.Thehigh transversemomentumof the jets
comingfrom the � quarkdecayscanbeusedto distinguishthesignaleventsfrom thebackground.
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Fig. 4.7: Combinedresultsfor possiblesignalobservationat ÉhÊ�� 600,800,1000,1200GeV. ThereconstructedË
quarkmassandtherelevantSM backgroundareplottedfor a luminosityof 100fb Ì:Í whichcorrespondsto one

yearof nominalLHC operation.Thedarkline showsthesignalandbackgroundadded,thedashedline is for signal
only andthelight line shows theSM background.

The � quarksin signaleventsweremadeto decayin ²M³J´JKMµJNMK into SM particles.Thefinal state
particlesfor bothsignalandbackgroundeventswerefed into PMQJRJSUTWV version6.218[43] for initial and
final stateradiation,aswell ashadronisationusingthe ²J³M´JKJµMNJK to PMQJRMS�TWV and ¶MVJ·M¸J¹JVMKJS to PMQJRMS�TWV
interfacesprovidedby HJÎMµJÏMÐJH 9.0.3(theATLAS offline softwareframework). To incorporatethedetec-
tor effects,all event sampleswereprocessedthroughtheATLAS fastsimulationtool, HMÎJÑMÒJHJÓMÎ [417],
andthe final analysishasbeendoneusingphysicsobjectsthat it produced.The casesof 4 muons,4
electronsand2 electronsplus2 muonswereseparatelytreatedto get thebestreconstructionefficiency.
As anexample,table4.1givestheselectionefficienciesfor themixedleptoncaseat q º t � ��� GeV.

Usingtheconventionof defininga runningacceleratoryearas
� � � �aÔ seconds,oneLHC yearat

the designluminosity correspondsto 100 fb Õ � . For onesuchyearworth of data,all the signalevents
aresummedandcomparedto all SM backgroundeventsasshown in Fig. 4.7. It is evident that for the
lowestof theconsideredmasses,thestudiedchannelgivesaneasydetectionpossibility, whereasfor the
highestmasscase( ;=º =1200GeV) thesignalto backgroundratio is of theorderof unity. For each�
quarkmassvaluethatwasconsidered,a Gaussianis fitted to the invariantmassdistribution aroundthe
� signalpeakanda polynomialto thebackgroundinvariantmassdistribution. Thenumberof accepted
signal( � ) andbackground( � ) eventsareintegratedusingthefitted functionsin a masswindow whose
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Table 4.1: Theindividual selectioncut efficienciesÖ for one ×�ØÚÙ"Ù andone ×�Ø
ÛÜÛ sub-case.ThesubscriptÝ
representsbothelectronandmuoncases.

channel Þàß ; ¾ á r�â ß Þ�ã@�-ä á r�â ã@�-ä å-æèç �6$ þêé � §
cut =4 =90ë 20 GeV ì6í�î�ï A :��í � ��ï GeV ð 2 ð 100GeV

å Signal 0.44 0.94 0.71 1 0.93 0.28
å Background 0.35 0.97 0.34 0.95 0.10 0.011

width is equalto ��� aroundthecentralvalueof thefittedGaussian.Thesignificanceis thencalculatedat
eachmassvalueas �òñ � � , usingthenumberof integratedeventsin therespective masswindows. The
expectedsignalsignificancefor threeyearsof nominalLHC luminosityrunningis shown in Fig. 4.8left
handside. Theshadedbandin thesameplot representsthesystematicerrorsoriginatingfrom the fact
that for eachsignalmassvalue,a finite numberof MonteCarloeventswasgeneratedat thestartof the
analysisandthesurviving eventswereselectedfrom thiseventpool. For ; º t ü ��� GeV, ATLAS could
observe the � quarkwith asignificancemorethan3 � beforetheendof thefirst yearof low luminosity
running(10 fb Õ � /year)whereasto claim discovery with 5 � significance,it would needabout20 fb Õ �
integratedluminosity. For ; º t � ����� GeV, about200fb Õ � integratedluminosityis necessaryfor a3 �
signalobservationclaim.
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assumingGaussianstatistics.Theverticalline shows thelimit atwhich theeventyield dropsbelow 10 events.On
the right: the integratedluminositiesfor 3 / observationand5 sigmadiscovery casesasa function of

Ë
quark

mass.Thebandsrepresentuncertaintiesoriginatingfrom finite MC samplesize.

2.2.2 The mixing angle to SM quarks

This sectionaddressesthediscovery of theisosingletquarksvia their jet associatedsingleproductionat
theLHC andthemeasurementsof themixing anglebetweenthenew andtheSM quarks.Thecurrent
upperlimit on � is &©��� �k�{& C ������� , allowedby theknown errorson theCKM matrix elementsassuming
unitarity of its extendedversion[418]. However, in this work, a smallerthusa moreconservative value,
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��� �k�9tû�����+:� , wasconsideredfor the calculationof the crosssectionsanddecaywidths. For other
valuesof ��� � � , bothof thesetwo quantitiescanbescaledwith a ��� � õ � dependence.For boththesignal
andthe backgroundstudies,the contributions from seaquarkswerealsoconsidered.The usedparton
distribution functionwasCTEQ6L1andtheQCD scalewassetto bethemassof the � quarkfor both
signalandbackgroundprocesses.The crosssectionfor singleproductionof the � quarkfor its mass
up to 2 TeV andfor variousmixing anglesis given in Fig. 4.9. The main tree level signalprocesses
areoriginatingfrom the valancequarksexchangingp or ¤ bosonsvia the X channel.The remaining
processesoriginatingfrom theseaquarkscontributeabout20 percentto thetotal signalcrosssection.
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Fig. 4.9: Crosssectionin singleD productionasa functionof D quarkmassfor differentý@þ ÿ � values.

Although the work in this sectionis at the generatorlevel, variousparametersof the ATLAS
detector[419] suchasthebarrelcalorimetergeometricalacceptance,minimumangulardistancefor jet
separationandminimumtransversemomentumfor jets[420] weretakeninto account.Fivemassvalues
(400,800,1200,1500and2000GeV) werestudiedto investigatethemassdependenceof thediscovery
potentialfor this channel.Thecutscommonto all consideredmassvaluesare:

á r�� A � � GeV

& ���:& C ó ���
& � ¾ & C ó ���� � A ��� 
; ¾ � t ; º ë ��� GeV

where� standsfor any parton;
�

is theconeseparationanglebetweentwo partons;��� and � ¾ arepseu-
dorapiditiesof a partonand ¤ bosonrespectively; and

á r�� is the partontransversemomentum. For
eachmasscase,theoptimalcutvalueis foundby maximizingthesignificance( �òñ � � ) andit is usedfor
calculatingtheeffective crosssectionspresentedin Table4.2. To obtaintheactualnumberof eventsfor
eachmassvalue,the î�� î Õ and ì	��ì Õ decaysof the ¤ bosonwereconsideredfor simplicity of recon-
struction.Thelast3 rowsof thesametablecontaintheexpectednumberof reconstructedeventsfor both
signalandbackgroundfor 100fb Õ � of datataking.Althoughtheleptonidentificationandreconstruction
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Table 4.2: The signal andbackgroundeffective crosssectionsbeforethe × decayandafter the optimal cuts,
obtainedby maximixing the 
%2��  , togetherwith the

Ë
quarkwidth in GeV for eachconsideredmass. The

numberof signalandbackgroundeventsalsothesignalsiginificancewerecalculatedfor anintegratedluminosity
of 100fb Ì:Í .

; º (GeV) 400 800 1200 1500 2000�
(GeV) 0.064 0.51 1.73 3.40 8.03

Signal(fb) 100.3 29.86 10.08 5.09 1.92
Background(fb) 2020 144 18.88 6.68 1.36
optimal �Jr cut 100 250 450 550 750
SignalEvents 702 209 71 36 13.5

BackgroundEvents 14000 1008 132 47 9.5
Signalsignificance( � ) 5.9 6.6 6.1 5.2 4.37

efficienciesarenot considered,onecannotethatthestatisticalsignificanceat q º t 1500GeV, is above
5� afteroneyearof nominalluminosityrun.
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Fig. 4.10: 3/ exclusioncurvesfor 10,100,300,1000fb Ì:Í integratedluminositiesareshown from top to down.

Thesingleproductiondiscovery resultsgiven in Table4.2 canbe usedto investigatethemixing
angle. In the event of a discovery in the single productioncase,the mixing anglecan be obtained
directly. If no discoveriesaremade,thenthelimit on thecrosssectioncanbeconvertedto a limit curve
in the � quarkmassvs mixing angleplane. Thereforethe angularreachfor a 3� signal is calculated
by extrapolatingto other ��� � � values.Figure4.10givesthe mixing angleversus� -quarkmassplane
andthe3� reachcurvesfor differentintegratedluminositiesrangingfrom 10 fb Õ � to 1000fb Õ � , which
correspondto oneyearof low luminosity LHC operationandoneyearof high luminosity super-LHC
operationrespectively. The hashedregion in the sameplot is excludedusingthe currentvaluesof the
CKM matrix elements.Oneshouldnote that, this channelallows reducingthe currentlimit on ��� � �
by half in about100 fb Õ � run time. Theprocessof singleproductionof the � z isosingletquarkscould
essentiallyenhancethediscovery potentialif ��� �k� exceeds0.02.For example,with 300fb Õ � integrated
luminosity, the3� discovery limit is q º t ������� GeV, if ��� �k� t)������� . It shouldalsobenotedthat for
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pair productionthe3� discovery limit wasfoundto beabout900GeV, independentof �«� �k� . If ATLAS
discoversan800GeV � quarkvia pairproduction,singleproductionwill givetheopportunityto confirm
thediscovery andmeasurethemixing angleif ��� � � A ��������� TheFCNCdecaychannelanalysedin this
paperis specificfor isosingletdown type quarksandgivestheopportunityto distinguishit from other
modelsalsoinvolving additionaldown typequarks,for examplethefourthSM family.

2.2.3 The impact on the Higgs searches

Theorigin of themassesof SM particlesis explainedby usingtheHiggsMechanism.TheHiggsmech-
anismcanalsobepreservedin � z groupstructureasaneffective theory, althoughotheralternativessuch
asdynamicalsymmetrybreakingarealsoproposed[421,422]. On theotherhand,theorigin of themass
of thenew quarks( �hj[�òj�� ) shouldbedueto anothermechanismsincetheseareisosinglets.However,
themixing between

£
and � quarkswill leadto decaysof thelatterinvolving

�
afterspontaneoussym-

metry breaking(SSB).To find thesedecaychannels,the interactionbetweenthe Higgs field andboth
down typequarksof thefirst family shouldbeconsideredbeforeSSB.After SSB,theLagrangianfor the
interactionbetween

£ j�� quarks,andtheHiggsbosonbecomes:

� < t q º� �«� ���{��� n�h� � (4.11)

� ��� � ��� �@� �¡���
� � n� í � � � � ï«qsº�� í � � � � ï«qs§ £ �

� ��� � ��� �@� �¡���
� � n£ í � � � � ï«qsº�� í � � � � ï«qs§ � �

� qs§� �@� � � ��� n£M£ �
where � t �Uñ � � and � t �+"! GeV is the vacuumexpectationvalue of the Higgs field. It is seen
that the � quarkhasa narrow width andbecomeseven narrower with decreasingvaluesof � sinceit
scalesthrougha ��� � � � dependence.Therelative branchingratiosfor thedecayof the � quarkdepend
on both the � quarkandthe Higgs massvalues. For example,at the valuesof � quarkmassaround
200GeV andtheHiggsmassaround120 GeV: BR(�¬ p � ) 8 60%,BR(�¬ � £

) 8 12%,BR(�¬
¤ £ ) 8 28%,whereasasthe � quarkmassincreasesthesameratiosasymptoticallyreach50%,25%and
25%respectively. As theHiggsmassincreasesfrom 120GeV, theselimit valuesarereachedat higher
� quarkmasses.

Dependingon the massesof the � quarkandthe Higgs bosonitself, the � z modelcould boost
theoverall Higgs productionat theLHC. This boostis particularlyinterestingfor the Higgshunt,one
of themaingoalsof theLHC experiments.For example,if the � quarkmassis aslow as250GeV, the
pair productioncrosssectionat theLHC becomesashigh as

� � � fb Õ � , which is enoughto compensate
for therelatively smallHiggsbranchingratioof 17%,ascanbeseenin Fig. 4.11.In thelow massrange
consideredin this section(from 115 up to 135 GeV), thebranchingratio

� ¬ g g is about70% [419].
Table4.3 lists thedecaysinvolving at leastoneHiggsbosonandtheexpectedfinal stateparticlesasso-
ciatedwith eachcase.Althoughthecaseinvolving the ¤ is moresuitablefrom theeventreconstruction
point of view, thefocuswill beon thelastrow, which hasthehighestnumberof expectedHiggsevents
peryear.

The full Lagrangianalso involving the Higgs interactionhasbeenimplementedin a tree level
event generator, ²M³J´MKJµJNMK 4.4.3[415], to investigatethepossibility of detectingtheHiggsparticleand
reconstructingit from g -jets. Assuminga light Higgs bosonof mass120 GeV, four massvaluesfor
the � quarkhave beentaken asexamples:250GeV, 500GeV, 750GeV, and1000GeV. 10000signal
eventswereproducedfor eachmassvalueunderconsiderationwith the p � � � final statesusingthe
CTEQ6L1PDF set [131]. The generatorlevel cutson the partons,guidedby the performanceof the
ATLAS detector, arelistedas:
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Table 4.3: For pair productionof D quarks,thedecaychannelsinvolving theHiggsparticle.Thebranchingratios
andthenumberof expectedHiggsparticlesarecalculatedassuming�0/ =120GeVand� Ê =250(500)GeV.

� � � � BR #expectedHiggs/100fbÕ � expectedfinal state
� ¬ � � � ¬ � � 0.029(0.053) 0.58� � �

z
(2.65� � �21 ) �+�à�� $

� ¬ � � � ¬m¤h� 0.092(0.120) 0.92� � �
z

(3.01� � � 1 ) �+� �+� $ �43
� ¬ � � � ¬mpÚ� 0.190(0.235) 1.9� � �

z
(6.04� � � 1 ) �+���+� $ 3656r�â �	7 ¨-¨

& ���:&
ª ��8:9 j; r<� ð ��=?> î�# j� � A @ 8 A
where� � is thepseudo-rapidityfor thepartonsgiving riseto jets; ; ràâ � is thetransversemomentum

of thepartons;and
� � is theangularseparationbetweenthepartons.Theimposedmaximumvalueof �

requiresthejetsto bein thecentralregion of thecalorimeterwherethejet energy resolutionis optimal.
Theimposedlower valueof ; r ensuresthatno jetsthatwouldeventuallygo undetectedalongthebeam
pipearegeneratedat all. The imposedlower valueof

�
providesgoodseparationbetweenthetwo jets

in thefinal state.Usingtheinterfaceprovidedby ²CB�DJÎMµ 2.3 [423], thegeneratedparticlesareprocessed
with EJÎJµMÏJÐCE 11.0.41,which usesBCF�G�HJILK [43] for hadronizationand EMÎJÑJÒCEJÓMÎ [417] for fastdetector
responsesimulation. However, oneshouldnotethat the reconstructedg -jet energy andmomentawere
re-calibratedlike in [419] to haveagoodmatchbetweenthemeanvalueof thereconstructedHiggsmass
andits partonlevel value.

As for thebackgroundestimations,all the SM interactionsgiving the MONQPJP�RSR final statehave
beencomputedin anothertreelevel generator, ¶�KM·J¸M¹�K�TCH 2.1. [416], usingthe samepartonlevel cuts
andpartondistribution functions.TheSM backgroundcrosssectionis calculatedto be520 ë 11pb. The
reasonsfor usingtwo separateeventgenerators,their compatibility, andtheir relative meritshave been
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Table 4.4: Optimisedeventselectioncutsandtheir efficienciesfor U0VXWZYL[L[ GeV.

cut \ signal \ background
N-leptons =1 0.83 0.79

N-jets ]^A 0.99 0.99
N-bjets ]_9 0.33 0.36`badc PeR�fhg ]ji GeV 1.00 1.00` a c

lepton ]_i = GeV 0.95 0.94` a c R�fkg ]_i @�@ GeV 0.83 0.69lnm�oqpsrutvrut ] -0.8 0.97 0.89w tvt ]_x @ GeV 0.99 0.65yza ]|{ @�@ GeV 0.90 0.55} ~���� c ~��q��} � i @�@ GeV 0.59 0.37

discussedelsewhere[418]. The generated40000 backgroundeventswerealsoprocessedin the same
wayusing EC���C��E��C� for hadronizationandcalculationof detectoreffects.

Theselectioncutsfor examplevaluesfor � quarkmassof 500GeV, and � bosonmassof 120GeV,
aregiven in Table4.4. The invariantmassdistributions after the selectioncuts for the sameexample
valuesarepresentedin Fig. 4.12 for 30 fb � � integratedluminosity. The signalwindow for � canbe
definedas

w ����= @
GeV andfor � as

w�� ��� @
GeV. Thenumberof eventsfor thesignal(S) andthe

background(B) canbesummedin theirsignalwindowsfor bothsignalandbackgroundcasesto calculate
thestatisticalsignificance��������� �Z��� . For this setof parameters,it is foundthat the � quarkcan
be observed with a significanceof 13.2� andat the sametime the Higgs bosonwith a significanceof
about9.5� . Oneshouldnotethat,in theSM Higgssearches,suchahighstatisticalsignificancecanonly
bereachedwith morethan3 timesmoredata:with about100fb � � integratedluminosity.
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Fig. 4.12: Reconstructedinvariantmassesof the § quark(left, red crosses)andof the Higgs boson(right, red
crosses)togetherwith theSM background(dottedlines)andthetotalsignal(blackcrosses)after10fb ¨"© integrated
luminosity. Themassof the § quarkis setto 500GeV andHiggsbosonto 120GeV.

An analysissimilar to theabove onewasperformedfor theotherthree � quarkmasses:250,750
and1000GeV. For eachmass,thecut valueswerere-optimisedto get thebeststatisticalsignificancein
theHiggsbosonsearch.Figure4.13containsthe3� andthe5� signalsignificancereachesof theHiggs
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bosonandthe � quarkasa functionof their masses.It canbeseenthat,a light Higgsbosoncouldbe
discoveredwith a5� statisticalsignificanceusingthe �«ª�¬®�"M�RLR channelwithin thefirst yearof low
luminositydatataking(integratedluminosityof 10 fb � � ) if

~ ��¯±°�²�²
GeV. Underthesameconditions

but with oneyearof designluminosity(integratedluminosityof 100fb � �2³ , the5� Higgsdiscovery can
bereachedif

~����_´ ²�²
GeV. This is to becomparedwith thestudiesfrom theATLAS TechnicalDesign

Report,wherethemostefficientchannelto discoversucha light Higgsis the �0¬¶µ"µ decay. Thissearch
yieldsabout8� signalsignificancewith 100fb � � integratedluminosity. Thepresentlydiscussedmodel
could give the samesignificance(or more) with the sameintegratedluminosity if

~ �·¯¹¸ � ²
GeV.

Therefore,if the isosingletquarksexist andtheir massesaresuitable,they will provide a considerable
improvementfor theHiggsdiscovery potential.
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Fig. 4.13: Thereachof ATLAS in theHiggssearchfor increasing§ quarkmassvalues.Thedashedlinesshow
the3 ÈeÉËÊ�UdÌ andthesolid linesshow the5 Í reachesof Higgsboson(triangles)and § quark(circles)searches.

2.3 Quarks fr om extra dimensions:charges Î�Ï"ÐÒÑ and ÓSÐÒÑ
Heavy quarksof charges(-1/3,2/3,5/3) (denotedÔÕ ) arewell-motivatedin Randall-Sundrum(RS)mod-
elswith custodialsymmetry[424–428]. They arepartnersof theSM right-handedtop quarkandhave a
massbetween500and1500GeV. Theirpresencecanbeattributedto theheavinessof thetopquark.This
sectionstudiesthepair-productionof heavy Ö±� c i�� � and Ö|� ° � � quarks,which takesplacethrough
standardQCD interactionswith acrosssection×_ØÚÙki ² ³ pb for massesof severalhundredsof GeV. The
focusis on the4-M events,which arecharacteristicof thedecayof new charge

c i�� � singletscoupling
to the ÙËgÜÛÜP ³uÝ doublet,in contrastwith theprecedingsectionin which thesinglet � is assumedto cou-
ple to the Þ quark. The processconsideredis ßÒßàÛ Õ Õ ¬ ÔÕ ÔÕ ¬ MO�"gáMOâ gÚ¬ MO�SM«âQPãM«âQMO� P . A
straightforwardtriggercriterionfor theseeventsis thatof asingle,isolatedleptonwith missingä a orig-
inatingfrom theleptonicdecayof oneof the M bosons.TheremainingM bosonscanbereconstructed
usingdijet pairs.Thegoalin this analysisis to investigatethefeasibility of multi- M reconstructionand
thereforeidentify ÔÕ at theLHC. A simulationof thissignalandits mainbackgroundhasbeenperformed,
andananalysisstrategy outlinedwhichdistinguishesthesignalfrom thesizableSM backgrounds[429].

Therecanbe several ÔÕ -type KK quarksin the classof compositeHiggs modelsunderconsider-
ation, leadingto the samesignature.Typically, in the minimal models,thereis oneheavy quarkwith
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electriccharge
° � � aswell asa Öå� c i�� � quark,decayinginto g2MOâ and gÜM«� respectively, bothwith

branchingratioessentiallyequalto 1. In addition,thereis anotherbottom-typequarkwith g2M � branch-
ing ratio ×i���æ . All these ÔÕ quarksarealmostdegeneratein mass.For thepresentmodelanalysis,the
massof ÔÕ is taken as

~�çè � °�²�² GeV. The Lagrangianof the model[429] hasbeenimplementedintoé KCêìëîí�ï�B 2.4.3[430] for the simulationof ÔÕ pair productionanddecaythroughthe gÜM channel.The
actualnumberof ð"M eventscomingfrom the pair productionanddecayof the other Öñ� c ° � � KK
quarks,in a typical model,is takeninto accountby amultiplying factor.

g g2M«M eventsfrom ÔÕ pairproductionaregeneratedwith
é KCêìëîí�ï�B , andarefurtherprocessedwithB�FCG�HJILK 6.401[410]. The following “trigger”, appliedto the generatedevents,is basedon the lepton

criteria for selecting M ¬ òvó events: at leastone electronor muon with ô aöõ æ °�÷ùøÜú must be
foundwithin thepseudorapidityrange

} ûü} ¯ æ�ý ð ; then,the “missing ä a ”, calculatedby addingall the
neutrinomomentain theeventandtakingthecomponenttransverseto thecollisionaxis,mustexceed20
GeV. Hadronicjetsarereconstructedasthey might beobservedin adetector:stablechargedandneutral
particleswithin

} ûü} ¯ ð"ý:x (therangeof theATLAS hadroniccalorimeter),excludingneutrinos,arefirst
ranked in ô a order. Jetsareseededstartingwith thehighestô a tracks,with ô a õ i ÷ùøÜú ; softertracks
areaddedto the nearestexisting jet, as long as they arewithin þ0ÿ ¯ ² ý ð of the jet centroid,whereþ ÿO� þ � � ��þ û � . Thenumberof jetswith ô a�õ æ ²0÷ øÜú is shown in Figure4.14a.Thesignalis
peakedaround8 jets.

The two main backgroundsconsideredcomefrom g g and g g2� production. g g leadsto 2 M ’s �
2 P ’s, with four extra jets misinterpretedascoming from hadronic M decays. g g4� however, can lead
exactly to ð"M ’s and æ�P ’s whentheHiggsmassis largeenough.In thiswork, theHiggsmassis takenas~ � ��i�i ° GeV . Thebackgroundsampleis dominatedby g g eventsgeneratedusingTopReX(version
4.11) [42] and B�F�GCHìIîK 6.403,with CTEQ6Lpartondistribution functions. The small g g4� contribution
to thebackgroundhasbeenmodeledwith BCF�G�HJILK . As expected,thebackgroundhasfewer high-ô a jets
thanthesignal,peakingaround5 jets.

The numberof M^��� ¬ RLR candidates( � ) is counted,ensuringthat jets areusedonly oncein
eachevent. In theheavy Higgscasewith a ÔÕ massof 500GeV, thefollowing sourcesdominate:

� �_i : SM M^��� processes � �_æ : SM singleh, M«M^��M�� , g g� � � : ÔÕ ÔÕ ¬ñgÜM P���¬®M«M��ãP2P � �^ð : ÔÕ ÔÕ ¬ñgÜM gÜM^�4g2M«P2�"��P2�àP4�
In orderto suppressthemostcommon(g g ) SM background,thesinglehadronicM is eliminated

by searchingfor acombinationof two high ô a jetswhosemassfallsbetween70and90GeV. Thejetsare
combinedin orderof decreasingô a . If a pair is found,it andtheprecedingpairsareremoved; thedijet
masscombinationsof thesubsequentpairsareshown in Figure4.14d.Thisprocedurehasbeentestedon
W+jet simulationto ensurethat it doesnot sculptthecombinatorialbackgrounddistribution. Detailed
resultsof the M reconstructionsandconsequencesfor ÔÕ identificationarepresentedin [429]. Thepeak
obtainedin thedijet massdistributionsuggeststhatit is possibleto reachasignalsignificancebeyondthe° � level. Furtherinvestigationwith moredetailedsimulationis requiredto mapthediscovery potential
for thissignalatanLHC experimentsuchasATLAS, or at theILC, andto connecttheobservablesignal
to theproductioncrosssection.

2.4 Fourth sequentialgeneration

Themeasurementof the � invisiblewidth implieswell known constraintsonthenumberof SM families
with light neutrinos.Howeverthediscoveriesof neutrinomassesandmixingsshow thattheleptonsector
is richer thanthetraditionalSM. Moreover, somerecenthints for new physics,mainly in � ` violation
effects in P ¬ � transitions,might be accommodatedwith a fourth standardmodel family [34]. A
phenomenologicalmotivation for the existenceof a fourth SM family might be attributed to the non-
naturalnessof the SM Yukawa couplingswhich vary by ordersof magnitudeeven amongthe same
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numberof 2 ’s decayinghadronicallyin theevent.All distributionsarenormalizedto unit area.Bottomright (d):
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type fermions. This considerationhints in the directionof acceptingthe SM asan effective theoryof
fundamentalinteractionsratherthanof fundamentalparticles.However, theelectroweaktheory(or SM
beforespontaneoussymmetrybreaking)itself is a theoryof masslessfermionswherefermionswith the
samequantumnumbersareindistinguishable.Thereforethereis no particularreasonwhy theYukawa
couplingsof agiventype(g =u,d,l,ó ) shouldbedifferentacrossfamilies.If onestartswith suchaunique
couplingcoefficient per type g , for a caseof 3 familiestheresultingspectrumbecomes3 c i massless
families and a single family whereall particlesaremassive with

~ �436587 û where
û

is the vacuum
expectationvalueof the Higgs field. In the mostsimplemodel,whereall fermionsacquiremassdue
to a Higgs doublet, it is naturalto alsoassumethat the Yukawa couplings(thereforethe masses)for
different typesshouldbe comparableto eachotherandlie somewherebetweenthe othercouplingsof
EW unification:

589;:<58=>:<5@?1:<58A : 5
fá�^ß%B o@C D p B ¯ 5�� � æ ¯ ßFE��^ß%B � lnm�oSp B

The measuredfermion spectrumgivesus a consistency check,quickly proving that the 3rd SM
family cannot bethesingledout heavy family since

~ 7HG ~ r G ~JI G ~ A�K : ² . Thereforeif the
abovepresentednaturalnessassumptionsaretrue,notonly thereasonbehindthetotalnumberof families
andthelightnessof theSM neutrinosis obtainedbut alsoasetof predictionsfor themassesandmixings
of theheavy fourth family aremadethroughtheparameterisationsandfits to theextended(4x4) CKM
matrixelements.
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2.4.1 Search Scenarios

A recentdetailedstudy[431] of LNM and gNM decayhasupdatedold resultsdonealmost20 yearsago[432–
435]. It wasfoundthat,thefourthgenerationwhile greatlyenhancingFCNCtopdecays(seesection2.1.1
for heavy topsearches),especiallygù¬POQ� and O2� , canonly bring theseinto theborderline( i ² �SR –i ² �UT )
of observability at the LHC. But the direct searchfor LNM and gVM looks far moreinteresting.Since gVM�¬L�W alwaysdominatesg M decay(unlessg M –L M massdifferenceis large),henceit canbestraightforwardly
discoveredby a “heavy top” search,thefocuswill beon LXM . Thesearchscenariosareroughlyseparated
by kinematics,i.e. whetherL M ¬ g�W is allowed,andby patternof quarkmixing, i.e. whetherL M ¬YO�W
is suppressedwith respectto theneutraldecaymode.

2.4.1.1 Case
~ r[Z ¯ ~ 7 � w B

With LNM ¬ g�W kinematicallyforbidden,it waspointedout long agothat the phenomenologyis rather
rich [432,433],with thepossibilityof FCNC L M ¬\L�� decaydominance,aswell asthebonusthata light
Higgs could be discoveredvia LXMã¬ L2� [434,435]. This canhappenfor light enoughLNM when ]_^ r[Z is
smallenough,andhasbeensearchedfor at theTevatron.However, if the Lù¬Y� CPviolation indications
aretakenseriously, then ] ^ r[Z × ² ý:i�æ [436] is not small. Thereforethe LNM ¬`O�W channelshouldbekept
open.In thiscase,onehas3 scenarios:

1. L M ¬\O�W dominance— signatureof O ªO�W â W �
For ] ^ r[Z sizable,thelackof “charm-tagging”methodsthatalsoreject L makesthis ratherdifficult.

2. LNMì¬\O�W , L�� (and L2� ) comparable— signatureof ªO�W«â1L�� (and ªO�WOâ1L2� , ª L ª LQ� � )
This canoccur for

} ]S^ r Z �%] 7 Z r ] 7 Z r Z }Ua ² ý ²�²�° . The measurementson the L M ¬ Leß and L M c õ L µ
neutraldecays[402] canmotivatethis choicefor theCKM matrix elementsratio. Thesignature
of ªO�WOâbL�� hasnever beenproperly studied,but shouldn’t be difficult at the LHC so long thatL M ¬YLQ� branchingratio is notoverly suppressed.Thepossiblebonusof finding theHiggsmakes
thisscenarioquiteattractive.

3. LNMì¬ñg�Wdc and OQW , L�� (and L2� ) comparableL M ¬ g�W c cannotbe ignoredabove 230 GeV or so. This scenariois the mostcomplicated,but
thesignatureof ªg�W�ckâ-L�� is still quitetantalising.Again,onecouldalsoexpectanenhancementto
Higgssearches.Oneshouldnot forgetthat g ªO�W â W � shouldalsobeconsidered.

Scenarios1 and2 form acontinuum,dependingon BRÙeL M ¬\L�� ³ .
2.4.1.2 Case

~ r Z õ ~ 7 � w B
The LNM ¬ g�W shoulddominateover all othermodes,exceptwhenoneis still somewhat restrictedby
kinematicswhile ]S^ r Z �%] 7 r Z is very sizable.Thereforethetwo availablescenariosare:

4. LNMì¬ñg�W — with asignatureof g ªg�WOâbWO� , or L ª LQWOâ1WO�1WOâ1WO�
With four W bosonsplustwo L -jets,thesignaturecouldbestriking.

5. LNMì¬\Wgf or LNMJ¬PW�O — with signatureof WOâbWO�Hh1h
Theundistinguishability of thefirst andsecondfamily quarksin thelight jetsmakesthissignature

benefitfrom thefull L M branchingratio. Suchacaseis investigatedin thefollowing subsection.

It shouldbestressedthat thestandardsequentialgenerationis considered,henceLNM andgVM masses
shouldbebelow 800GeV from partialwave unitarity constraints,andthemassdifferencebetweenthe
two shouldbe smalleror comparableto

w B . Scenario4 and5 , togetherwith the top-like gVM�¬ L�W
decay, could certainlybe studiedbeyond 500 GeV. With suchhigh masses,onestartsto probestrong
couplings. Whetherthereis an all-new level of strongdynamics[68] relatedto the Higgs sectorand
whattheYukawa couplingswouldbeis alsoa ratherinterestinganddifferentsubject.
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Table 4.5: Theconsideredquarkmassvaluesandtheassociatedwidth andpair productioncrosssectionsat LHC.w 9ji 250 500 750k
(GeV) 1.00l i ² �Sm 8.25lùi ² �Sm 2.79lùi ² � i� (pb) 99.8 æ�ý ° x ² ý:æ °

2.4.2 A Case Study

If the fourth family is primarily mixing with the first two families, the dominantdecaychannelswill
be gNMù¬ WOâ-��ÙkÞ ³ and LNMù¬ WO�bO2Ùnf ³ . In this case,sincethe light quarkjetsareindistinguishable,the
signaturewill be W â W � h1h for both g M ªg M and L M ªL M pair production. According to flavour democracy,
the massesof the new quarkshave to be within few GeV of eachother. This is alsoexperimentally
hintedby thevalueof the o parameter’s valuewhich is closeto unity [49]. For sucha mixing, bothup
anddown typenew quarksshouldbeconsideredtogethersincedistinguishingbetweengVM and LNM quarks
with quasi-degeneratemassesin a hadroncollider seemsto bea difficult task. Moreover, the treelevel
pair productionanddecaydiagramsof thenew L M quarksarealsovalid for the g M quark,provided O2ÛNf is
replacedby ��ÛÜÞ . As themodelis notableto predictthemassesof thenew quarks,threemassvalues(250,
500and750GeV) areconsideredasa massscan.Thewidthsof the L M and g M quarksareproportionalto} ] r[Z = }
� � } ] r[Z ^ } � and

} ] 7 Z 9 }
� � } ] 7 Zqp }

�
respectively. Currentupperlimits for correspondingCKM matrix

elementsare
} ] r[Z = } ¯|² ý ²�² ð , } ] r[Z ^ } ¯±² ý ² ð�ð , } ] 7 Z 9 } ¯±² ý ² { and

} ] 7 Zqp } ¯|² ý:i�i . For thepresentcasestudy,
thecommonvalue0.001is usedfor all four elements.As thewidthsof thenew quarksaremuchsmaller
than1 GeV, thisselectionof thenew CKM elementshasnoimpactonthecalculatedcrosssections.Table
4.5givesthecrosssectionfor the L M ªL M or g M ªg M productionprocesseswhicharewithin 1s%of eachotheras
expected.For this reason,from this point on, LNM will beconsideredandtheresultswill bemultiplied by
two to cover both g M and L M cases.Thereforein thefinal plots,thenotation Õ i is usedto cover both g M andLNM .

To estimatethediscovery possibilityof thefourth family quarks,themodelwasimplementedinto
awell known tree-level generator,

éSr_sSt íSu t 4.3.3[415]. This tool wasusedto simulatethepair produc-
tion of the LNM quarksat theLHC andtheirsubsequentdecayinto SM particles.TheQCDscalewassetto
themassof the L M quarkunderstudyandthepartondistribution functionwaschosenasCTEQ6L1[131].
Thegeneratedeventswerefed into theATLAS detectorsimulationandeventreconstructionframework,v �Cí�ï_w v 11.0.41,usingtheinterfaceprogram

é_xSy �Cí 2.0.1[423]. Thepartonswerehadronisedby
x_zS{_|U}�~

6.23[43] andthedetectorresponsewassimulatedby thefastsimulationsoftware,
v ���C� v ��� [417]. The

decayof the pair producedLNM quarksresult in two light jets (originating from the quarksand/oranti-
quarksof thefirst two SM families)andtwo W bosons.For thefinal stateparticles,thehadronicdecay
of one W bosonandtheleptonic( f , � ) decaysof theotheroneareconsideredto easethereconstruction.

Thedirectbackgroundto thesignalis from SM eventsyieldingthesamefinal stateparticles.These
canoriginatefrom all theSM processeswhichgivetwo W sandtwo nonb-taggedjets.Thecontributions
from samesign W bosonswerecalculatedto besubstantiallysmall. Someof the indirectbackgrounds
arealso taken into account. Thesemainly includedthe g ªg pair productionwherethe L jets from the
decayof the top quarkcould be mistaggedas a light jet. Similarly the jet associatedtop quarkpair
production(g ªgSh0¬YW � W â L ª L_h ) substantiallycontributesto thebackgroundeventsastheproduction
crosssectionis comparableto thepairproductionandonly onemistaggedjet wouldbesufficient to fake
thesignalevents.Thecrosssectionof thenext orderprocess,namelyô ô ¬·g ªgJæQh , wasalsocalculated
andhasbeenfoundto befour timessmallerthan g ªg�h case:thereforeit wasnot furtherinvestigated.

The first stepof the event selectionwasthe requirementof a single isolatedlepton( f or � ) of
transversemomentumabove i ° GeV, andat leastfour jetswith transversemomentaabove 20 GeV. The
leptonicallydecayingW bosonwasreconstructedby attributing thetotalmissingtransversemomentum
in the event to the lost neutrino,andusingthe nominalmassof the W asa constraint. The two-fold
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Table 4.6: Efficienciesof theselectioncriteria,asappliedin the orderlisted,for the U�� =500GeV signalandthe
SM background.

Criterion \ -Signal(%) \ -Background(%)
Single fL�Q� , ô_�a õ i ° GeV 32 29.1

At least4 jets, ô ta õ æ ² GeV 88.3 94.2
Possibleneutrinosolution 71.3 73.7~ Btnt ¯ 200GeV 63.5 76.0

ambiguity in the longitudinaldirectionof the neutrinowasresolved by choosingthe solutionwith the
lower neutrinoenergy. The four-momentaof the third andfourth mostenergetic jets in theeventwere
combinedto reconstructthe hadronicallydecayingW boson. The invariantmassof the combination
of thesejets wasrequiredto be lessthan æ ²�² GeV. The summaryof the event selectioncutsandtheir
efficienciesfor bothsignalandbackgroundeventsarelistedin Table4.6for aquarkmassof

°�²�²
GeV.

Thesurviving eventswereusedto obtaintheinvariantmassof thenew quark.The W -jet associ-
ationambiguitywasresolvedby selectingthecombinationgiving thesmallestmassdifferencebetween
the two reconstructedquarksin thesameevent. The resultsof the reconstructionfor quarkmassesof
500 GeV and750 GeV areshown in Fig. 4.15togetherwith variousbackgroundsfor integratedlumi-
nositiesof 5 and10 fb � � respectively. Thebulk of thebackgroundin bothcasesis dueto ßüß�¬ g ªgQß
eventsasdiscussedbefore.

In orderto extractthesignalsignificance,ananalyticalfunctionconsistingof anexponentialterm
to representthebackgroundanda Breit-Wigner termto representthesignalresonancewasfitted to the
total numberof eventsin theinvariantplotsof Fig. 4.15.In bothcases,thefitted functionis shown with
thesolid line, whereasthebackgroundandsignalcomponentsareplottedwith dashedblueandredlines,
respectively. For thecaseof

~
9�� =500GeV, it canbenoticedthat thesignalfunctionextractedfrom the

fit slightly underestimatesthe truedistribution. However, usingthesamefit functionsandwith 5 fb � �
of data,thesignalsignificanceis found to be4.7� . Thesignificanceis calculatedafter thesubtraction
of theestimatedbackground:theintegral areaaroundtheBreit-Wignerpeakandits errorarea measure
of the expectednumberof signalevents,thusthe signalsignificance.A similar studywith the higher
massvalueof 750GeV, andwith 10 fb � � of datagivesresultswith asignificanceof 9.4 � . Thisanalysis
hasshown that thefourth family quarkswith thestudiedmassvaluescanbeobserved at theLHC with
an integratedluminosity of 10 fb � � . Although theseresultswereobtainedwith a fastsimulation,the
simplisticapproachin theanalysisshouldenhancetheir validity.

2.4.2.1 OtherpossibleStudies

The studyof ªO�WOâ1L�� is a relatively easyone. Due to the cleannessof the � ¬ ò�â"òÒ� signature,one
doesnot needto face O -jet taggingissues,andonecaneitherhave W ¬�h�h or W ¬ ò�ó . For thelatter,
theoffshootis to searchfor ªOQW â L2� by a

w rX�r scanwith � asstandardcandle.A secondeffort wouldbeªg�W�ckâ-L�� , with similarapproachasabove. Onceexperienceis gainedin facing O aswell as W�c (relatively
soft leptonsor jets,or missing ä a ), onecouldalsoconsiderg ªO�W�W c , beforemoving ontothechallenge
of O ªO�W«â-WO� . If O -jet taggingtoolscouldbedeveloped,it couldbecomeof generaluse.The g ªg�WOâ1WO�
searchfor heavy LNM couldalsobepursued.

3 NewLeptons: heavy neutrinos

Models with extendedmattermultiplets predict additional leptons,both charged and neutral. While
heavy neutralleptons(neutrinos)canbeintroducedto explain thesmallnessof thelight neutrinomasses
in a naturalway andtheobserved baryonasymmetryin theuniverse,thechargedonesarenot required
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Fig. 4.15:Reconstructedsignalandthestadardmodelbackgroundfor a quarkof mass500GeV(left) and750GeV
(right) . Thecoloredsolid linesshow SM backgroundsfrom variousprocesses,thesolid blacklike representsthe
fit to thesumof backgroundandsignalevents.

by experiment.Hereweconcentrateon theneutralones.

Heavy neutrinoswith masses
~J� õ w E appearin theorieswith extra dimensionsneartheTeV

scaleand little Higgs models,in much the sameway as vector-like quarks,and in left-right models.
For example,in thesimplestLittle Higgsmodels[437], themattercontentbelongsto ���ãÙ � ³ multiplets,
and the SM lepton doubletsmust be enlarged with one extra neutrino ��M�

Ý
per family. Theseextra

neutrinoscangeta largeDirac massof theorderof thenew scale��×±i TeV if themodelalsoincludes
right-handedneutrinostransformingas ���ãÙ � ³ singlets[438]. This mechanismprovidesa naturalway
of giving massesto theSM neutrinos,andin this framework themixing betweenthe light leptonsand
the heavy neutrinosis of order �b� � æ%� , with �«�®æ4ð ¸ GeV the electroweak VEV. But besidestheir
appearancein several specificmodels,heavy Majorananeutrinosareoften introducedto explain light
neutrinomassesvia theseesaw mechanism[439–442].3 They givecontributionsto light neutrinomasses~ A of theorder � � � � ��æ ~ � , where� is aYukawacoupling.In theminimalseesaw realizationthisis the
only sourcefor light neutrinomasses,andtheYukawacouplingsareassumedof orderunity withoutany
particularsymmetry. Therefore,having

~
A ×�� � � � ��æ ~J� requiresheavy masses

~J� ×�i ² �n� GeV to
reproducetheobserved light neutrinospectrum.Additionally, thelight-heavy mixing is predictedto be] � � × ~

A � ~J� . Theseultra-heavy particlesareunobservable,andthustheseesaw mechanismis not
directlytestable.Nevertheless,non-minimalseesaw modelscanbebuilt, with

~ � ×_i TeV or smaller, if
someapproximateflavoursymmetrysuppressesthe ×�� � � � ��æ ~J� contribution from seesaw [443–445].
Thesemodelscanalsoprovide a successfulleptogenesis(see,for instanceRefs. [446–449]). Heavy
neutrinoswith massesnearthe electroweak scalecanbe producedat the next generationof colliders
(seeRef. [450] for a review) if their couplingto the SM fermionsandgaugebosonsis not too small,
or throughnew non-standardinteractions.Themostconservative point of view is to assumethatheavy
neutrinosare singletsunder the SM gaugegroup and no new interactionsexist, which constitutesa
“minimal” scenarioin this sense.On the otherhand,with an extendedgaugestructure,for example���ãÙkæ ³uÝ l����ãÙkæ ³ � l��áÙki ³ ¡ �

Ý
in modelswith left-right symmetry, additionalproductionprocessesare

possible,mediatedby thenew W¢M and/or �£M gaugebosons.Wewill discussthesepossibilitiesin turn.

3This mechanism,with heavy neutrinosingletsunderthe SM gaugegroup, is often referredto asseesaw type I. Other
possibilitiesto generatelight neutrinomassesareto introducea scalartriplet (typeII seesaw, seesection6) or a leptontriplet
(typeIII). In this section,heavy neutrinosarealwaysassumedto beSM singlets.
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3.1 Production of heavy neutrino singlets

Heavy neutrinosingletscoupleto theSM fieldsthroughtheir mixing with theSM neutrinoweakeigen-
states. The Lagrangiantermsdescribingthe interactionsof the lightest heavy neutrino(in the mass
eigenstatebasis)are

¤ B � c ß� æ ªò4µ�¥�] �
� ` Ý �4W ¥ � ª� µ¦¥�] c� � `

Ý ò§Wd¨¥ Û¤ E � c ßæ%O B ªó � µ ¥ ] � � `
Ý � � ª�0µ ¥ ] c� � `

Ý ó � � ¥ Û¤ � � c0ß
~J�
æ w B ªó � ] � � `

� �� ª��] c� � `
Ý ó � � Û (4.12)

with � theheavy neutrinomasseigenstateand ] theextendedMNS matrix. For Majorana� , thelast
termsin the � and � interactionscanbe rewritten in termsof the conjugatefields. Theseinteractions
determinethe � productionprocesses,as well as its decays. The latter can happenin the channels�¹¬©W�ò , �¹¬©� ó , � ¬ �"ó . Thepartialwidthscanbe straightforwardly obtainedfrom Eqs.(4.4)
neglectingchargedleptonandlight neutrinomasses,
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³ ý (4.13)

Thesubscripts
w

, � referto MajoranaandDirac heavy neutrinos,respectively, andtheleptonnumber
violating (LNV) decay�ö¬\W � ò â is only possiblefor aMajorana� .

In the minimal seesaw the mixing angles] � � areof order
~
A � ~J� (andthenof order i ² �Sm

or smallerfor
~J� õ w E ), but in modelswith additionalsymmetriesthe light-heavy mixing canbe

decoupledfrom massratios[451]. Nevertheless,] � � areexperimentallyconstrainedto be small (this
facthasalreadybeenusedin orderto simplify theLagrangianabove). Definingthequantities

® �n� ZU¯�° �n� Z c
�
± ² � ] � A�³ ] c� Z A�³ �

�
± ² � ] �

�
³ ] c� Z � ³ (4.14)

(assumingthreeheavy neutrinos),limits from universalityandtheinvisible � width imply [452,453]

®µ´N´ � ² ý ²�²�° ð Û ® ¥�¥
� ² ý ²�² x ¸ Û ® IQI � ² ý ² i ¸ Û (4.15)

with a 90%confidencelevel (CL). In the limit of heavy neutrinomassesin theTeV range,limits from
leptonflavour violating (LFV) processesrequire[451]

} ®µ´ ¥ }v� ² ý ²�²�² i?Û } ®µ´ IJ}v� ² ý ² i?Û } ® ¥ IJ}�� ² ý ² i?ý (4.16)

Additionally, for heavy Majorananeutrinosthereareconstraintson Ùe] ´ � Û ~J� ³ from thenon-observation
of neutrinolessdoublebetadecay. These,however, maybeevadede.g. if two nearly-degenerateMajo-
rananeutrinoswith oppositeCPparitiesform aquasi-Diracneutrino.
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Heavy Diracor Majorananeutrinoswith asignificantcouplingto theelectroncanbebestproduced
andseenat f â f � collidersin f â f � ¬\� ó , whichhasa largecrosssectionandwhosebackgroundshave
moderatesize[454–457]. On theotherhand,a Majorana� mainly coupledto themuonor tauleptons
is easierto discover at ahadronicmachinelike LHC, in theprocessÕ ªÕ M ¬\W c ¬ñò â � (plusthecharge
conjugate),with subsequentdecay � ¬ ò%W ¬ ò Õ ªÕ M . (Other final states,for instancewith decays� ¬ � ó , � ¬ �"ó , or in the productionprocessôÒô�¬ � c ¬ ��ó have backgroundsmuchlarger.)
Concentratingourselveson ò%� productionwith � ¬ ò%W , it is usefulto classifythe possiblesignals
accordingto themixing andcharacterof thelightestheavy neutrino:

1. For aDirac � mixing with only oneleptonflavour, thedecay�ö¬ñò � W â yieldsa ò â ò � W â final
state,with ahugeSM background.

2. For a Dirac � coupledto more thanonecharged leptonwe canalsohave � ¬ ò Z �-W«â withò�M6¶�^ò , giving theLFV signalò�â"ò Z �-WOâ , whichhasmuchsmallerbackgrounds.

3. For a Majorana � , in additionto LNC signalswe have LNV onesarisingfrom thedecay � ¬ò¸· Zn¹ â-WO� , whichhave smallbackgroundstoo.

In thefollowing we concentrateon thecaseof a Majorana� couplingto themuon,which is the
situationin whichLHC hasbetterdiscoveryprospectsthanILC. Themostinterestingsignalis [458–461]

ôÒô0¬º�£»-� ¬¼�£»½�£»h@h Û (4.17)

with two same-signmuonsin thefinal state,andat leasttwo jets. SM backgroundsto this LNV signal
involve theproductionof additionalleptons,eitherneutrinosor chargedleptons(which maybemissed
by thedetector, thusgiving thefinal statein Eq. (4.17)). Themain onesare W » W » 3Uh and W » �£3Uh ,
where3Uh standsfor 3|� ² ÛÜýÜýÜý additionaljets (processeswith 3 ¯ æ arealsobackgroundsdueto the
appearanceof extra jets from pile-up). The largestreduciblebackgroundsare g ªgX3Uh , with semileptonic
decayof the g ªg pair, and W�L ª L[3Uh , with leptonic W decay. In thesecases,theadditionalsame-signmuon
resultsfrom the decayof a L or ª L quark. Only a tiny fraction of suchdecaysproduceisolatedmuons
with sufficiently high transversemomentumbut, sincethe g ªgX3Uh and W�L ª LX3Uh crosssectionsareso large,
thesebackgroundsaremuch larger thanthe two previous ones. An importantremarkhereis that the
correspondingbackgroundsg ªg¾3Uh�Û�W�L ª LN3UhX¬ f » f »¿ areoneorderof magnitudelarger thanthe ones
involving muons.The reasonis that L decaysproduce“apparentlyisolated”electronsmoreoften than
muons,dueto detectoreffects. A reliableevaluationof the f » f » ¿ backgroundresultingfrom these
processesseemsto requirea full simulationof the detector. Otherbackgroundslike W � and � � are
negligible, with crosssectionsmuchsmallerthanthe onesconsidered,W^���§L ª L , W�� , �§� , which give
thesamefinal states.Notealsothatfor thisheavy neutrinomassL ª LX3Uh , which is huge,hasvery different
kinematicsandcanbe eliminated. However, for

~J� ¯ w B the heavy neutrinosignaland L ª LX3Uh are
muchalike, andthusthis backgroundis the largestandmostdifficult to reduce.Furtherdetailscanbe
foundin Ref. [461].

Signalsandbackgroundshave beengeneratedusing
v ê tSÀ uSÁ (the implementationin

v ê t_À uSÁ of
heavy neutrinoproductionis discussedin the Tools chapter). Eventsarepassedthrough

xSzS{_|U}Â~
6.4

(using the MLM prescriptionfor jet-partonmatching[411] to avoid doublecountingof jet radiation)
and a fast simulationof the ATLAS detector. The pre-selectioncriteria usedare: (i) two same-sign
isolatedmuonswith pseudorapidity

} ûü}�� æ�ý ° andtransversemomentumô a larger than10 GeV; (ii) no
additionalisolatedchargedleptonsnor non-isolatedmuons;(iii) two jetswith

} û }ì� æ�ý ° and ô a ] æ ²
GeV. It shouldbenotedthatrequiringtheabsenceof non-isolatedmuonsreducesbackgroundsinvolving� bosonsalmostby a factorof two.

It must be emphasisedthat SM backgroundsareabouttwo ordersof magnitudelarger than in
previousestimationsin theliterature[460]. Backgroundscannotbesignificantlysuppressedwith respect
to the heavy neutrinosignalusingsimplecutson missingenergy andmuon-jetseparation.Instead,a
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likelihoodanalysishasbeenperformed[461]. Several variablesarecrucial in order to distinguishthe
signalfrom thebackgrounds:

– Themissingmomentumô a¶ (thesignaldoesnothave neutrinosin thefinal state).

– Theseparationbetweenthesecondmuonandtheclosestjet, þ ÿ ¥_Ã t . For backgroundsinvolving L
quarksthisseparationis rathersmall.

– Thetransversemomentumof thetwo muonsô ¥ÅÄa , ô ¥ Ãa , orderedfrom higher(� � ) to lower (� � ) ô a .
Backgroundsinvolving L quarkshave onemuonwith small ô a .

– The L tagmultiplicity (backgroundsinvolving L quarksoftenhave L -taggedjets).

– Theinvariantmassof � � andthetwo jetswhichbestreconstructa W boson,
~ B ¥ Ã .

Thedistribution of thesevariablesis presentedin Fig. 4.16,distinguishingthreelikelihoodclasses:the
signal,backgroundswith onemuonfrom L decaysandbackgroundswith bothmuonsfrom W^��� decays.
The L ª L backgroundcanbesuppressedfor

~J�ÇÆ i ²�² GeV, andit is notshown. Additionalvariableslike
jet transversemomenta,the �U� invariantmass,etc.areuseful,andincludedin theanalysis.Assuminga
20%systematicuncertaintyin thebackgrounds(whichstill hasto bepreciselyevaluated),andtakingthe
maximumallowedmixing by low energy data,thefollowing

° � discovery limits arefound: (i) A heavy
neutrinocouplingonly to themuonwith

} ] ¥ �d}
� � ² ý ²�² x ¸ canbediscoveredup to masses

~J� ��æ ²�²
GeV; (ii) A heavy neutrinocouplingonly to the muonwith

} ] ´ � } � � ² ý ²�²�° ð canbe discoveredup to
masses

~J� �_i4ð ° GeV. Limits for othermassesandmixing scenarioscanbefoundin Ref. [461].

3.2 Heavy neutrino production from ÈÊÉ decays

Modelswith left-right symmetryhave anextendedgaugestructure���áÙkæ ³uÝ lË���ãÙkæ ³ � lË�áÙki ³ ¡ �
Ý

and,
in additionto threenew gaugebosons�ÌM , W »� (seesections4 and5) they introducethreeright-handed
neutrinosaspartnersof the charged leptonsin �� Ùkæ ³ � doubletsÙe� � Ûnò

³ �
. The minimal scalarsector

consistsof abi-doubletandtwo triplets.Themeasurementof the Í parameterandpresentlowerbounds
on themassesof thenew bosonsandtheirmixing with the W and � imply thehierarchy� ÝJÎ Ù } ÏC��} � �} Ïî�à} �Ò³h�ÑÐ �;Î � � amongtheVEVs of thebi-doublet

ÏC�jÒ �
andthetriplets � Ý Ò � . In thissituationtheneutrino

massmatrix exhibits a seesaw structure,heavy neutrinoeigenstates� aremostly right-handedandthe
following hierarchyis foundamongthecouplingsof thelight andheavy neutrinosto thegaugebosons:

(i) ò�ó�W andò%�ÓW � areof orderunity; ò%�ÓW andò�ó�W � aresuppressed.

(ii) ó"ó�� and �Ó�Ô� M areof orderunity; ó��Ô� , ó��Ô� M , �Ô�Ó� and ó�ó� M aresuppressed.

At hadroncolliderstheprocessÕ ªÕ M ¬PW � ¬¶òF� [462] involvesmixing anglesof orderunity and
only oneheavy particlein thefinal state.Thebestsituationhappenswhere� is lighter than W � , sothatW � canbeon its massshell andthecrosssectionis not suppressedby an � -channelpropagatoreither.
This is in sharpcontrastwith theanalysisin theprevioussubsection,in which theprocessÕ ªÕ M ¬\W c ¬ò%� is suppressedby mixingsandtheoff-shell W propagator.

Heavy neutrinoproductionfrom on-shellW � decayshasbeenpreviouslydescribedin Ref. [463],
andstudiedin detail for the ATLAS detectorin Ref. [464]. Herewe summarisethe expectationsfor
the CMS detector[465,466]. Productioncrosssectionsanddecaybranchingratiosdependon several
parametersof the model. The new couplingconstantß � of ���áÙkæ ³ � is chosento be equalto ß Ý , asit
happense.g. in modelswith spontaneousparity breaking.Mixing betweengaugebosonscanbesafely
neglected.An additionalhypothesisis thattheright-handedCKM matrixequalstheleft-handedone.The
heavy neutrino � is assumedto be lighter than W � (theothertwo areassumedheavier) andcoupling
only to theelectron,with amixing angleof orderunity.

For the signal event generationand calculationof crosssections,
xSz_{S|U}Â~

6.227 is usedwith
CTEQ5L partondistribution functions,andthe modelassumptionsmentionedabove. The analysisis
focusedonthe W � massregionabove1 TeV. Thesignalcrosssection,definedastheproductof thetotal
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Fig. 4.16: Several useful variablesto discriminatebetweenthe heavy neutrinosignaland the backgrounds,as
explainedin thetext.

W � productioncrosssectiontimesthebranchingratio of W � decayinto Õ@Ö , is shown in Fig. 4.17as
a functionof × � , for several W � masses.For thevalue Ø BÚÙ�Û�Ü TeV, thedashedline illustratesthe
decreaseof the total crosssection(dueto the smallerbranchingratio for Ý �ßÞ Õ�Ö ) for the caseof
threedegeneratedheavy neutrinosÖáàeâSã , mixing with Õ , ä , å respectively. ThevaluesØÔæ ÙçÛ�Ü TeV,×Jè Û�é%ê%ê GeV areselectedasa referencepoint for thedetailedanalysis.

Thedetectionof signaleventsis studiedusingthefull CMSdetectorsimulationandreconstruction
chain.For detailsseeRef. [466]. Theanalysisproceedsthroughthefollowing steps:

– Eventswith 2 isolatedelectronsareselected(standardisolationin thetracker is required).

– Eventswith at least2 jetsareselected.From thesejets, the two oneswith themaximumë_ì are
chosen.
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Fig. 4.18: Distribution of theinvariantmass�������! "$# for signaleventswith a heavy neutrinowith � "&%('*)+) GeV.
Thetwo possibleelectronassignmentsareshown. Thenormalizationis arbitrary.

– Using the 4-momentaof the signal jet pair andthe 4-momentumof a lepton,the invariantmassØ-,/.0. Û ×214365 7è98 is calculated.Sincetherearetwo electrons,the two Õ;:*: combinationsarecon-
sidered.This distribution is plottedin Fig. 4.18. Thetail above 500GeV correspondsto a wrong
choiceof theelectron.

– From the 4-momentaof the jet pair and the electrons,the invariant mass Ø-,0,/./. Û Ø&1<3=5 7æ Ù is
calculated.

Backgroundis constitutedby SM processesgiving a leptonpair plus jets. Theproductionof a >
bosonplus jets hasa large crosssection,about5 ordersof magnitudelarger thanthe signal. In a first
approximation,this processcanbesimulatedwith ?A@ABDCFE!G . This backgroundis suppressedby a cut on
theleptonpair invariantmassØ-,0,�H Ü%ê%ê GeV. In orderto reducethenumberof simulatedevents,it is
requiredthat the > transversemomentumis larger than20 GeV during thesimulation,andeventswith
sufficiently high Ø-,0, arepre-selectedat thegeneratorlevel. Anotherbackgroundis I!JI productionwith
dileptonic ÝLK-Ý â decay. It hasbeenchecked that otherdecaymodesdo not contribute significantly.
Its crosssectionis abouttwo ordersof magnitudelarger thanthesignal. It mustbepointedout that the
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Majorananatureof theheavy neutrinoallowsto singleout theLNV final statewith two like-signleptons.
This doesnot improve thesensitivity because,althoughbackgroundsaresmallerin this case,thesignal
is reducedto onehalf. However, in caseof discovery comparingeventswith leptonshaving the same
andoppositechargeswill beanexcellentcrosscheck.

For thevalues ØÓæ ÙËÛ Ü TeV, ×Jè Û é%ê%ê GeV selectedthe reconstructedÖ masspeakis well
visible, thoughthebackgroundis significant(comparableto thepeakheight). However, if an invariant
massØ(,/,0./.-HNM TeV is required,the backgroundunderthe heavy neutrinopeakdropsdramatically,
resultingin themassdistribution shown in Fig. 4.19(left). ThereconstructedÝPO masspeakis shown in
Fig. 4.19(right).
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Fig. 4.19: Left: reconstructedheavy neutrinomasspeakincluding the SM background( histogram)andback-
groundonly (shadedhistogram).Right: the samefor the ù>û masspeak. In both casesan �^�0_`_ invariantmass
above1 TeV is required.Theintegratedluminosityis 30 fb acb

Thediscovery potentialis calculatedusingthecriterion[295]

d Û<Üfe Ö�gih Ö�jlk Ö�jnm	o é	p (4.18)

whereÖqg and Ö�j arethenumbersof signalandbackgroundeventsrespectively. Thediscovery limits in
the e ØÓæ Ùrp ×Jèsm planeareshown in Figure4.20,for luminositiesof 1, 10and30 fb âUà . After threeyears
of runningat low luminosity (30 fb âUà ) this processwould allow to discover Ý O and Ö with masses
up to 3.5 TeV and2.3 TeV, respectively. For Ø æ ÙçÛ Ü TeV and × è Û é%ê%ê GeV discovery could be
possiblealreadyafteronemonthof runningat low luminosity.

The influenceof backgrounduncertaintiesin theseresultsis small sincethe backgrounditself
is rathersmall andthe discovery region is usually limited by the fastdrop of the signalcrosssection
at high ratios ×Jèst�ØÔæ Ù or by the fast drop of efficiency at small ×Jèst�ØÔæ Ù . Signal crosssection
uncertaintiesfrom PDFshave beenestimatedby takingdifferentPDFsets,findingchangesof about6%
in the discovery region. No changeof acceptancehasbeenobserved. Assuminga ratherpessimistic
valueof 6%asthePDFuncertainty, it is easyto estimatefrom Fig. 4.17thattheuncertaintyfor theupper
boundaryof thediscovery region is of Mnk Ü %, andfor thelowerboundaryof Ü kvu %.

3.3 Heavy neutrino pair production

New heavy neutrinoscanbe producedin pairsby the exchangeof an w -channelneutralgaugeboson.
Since >§ÖÓÖ couplingsarequadraticallysuppressed,ÖÔÖ productionis only relevantwhenmediatedby
anextra >yx boson.For example,in z|{ grandunificationbothnew >}x bosonsandheavy neutrinosappear.
If Ø-~r��H Ü ×Jè , like-signdileptonsignalsfrom > x productionandsubsequentdecay > x

Þ ÖÔÖ Þ
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Fig. 4.20: CMS discoverypotentialfor heavy Majorananeutrinosfrom ù>û decaysfor integratedluminositiesof
30 fb acb (red,outercontour),10 fb b (blue,middle)and1 fb a�b (green,innercontour).

��� ÝL� �f� ÝL� canbesizeable.As it hasbeenremarkedbefore,like-signdileptonsignalshave moderate
(althoughnotnegligible) backgrounds.Thesearefurtherreducedfor heavier neutrinomasses,whenthe
chargedleptonsfrom thesignalaremoreenergeticandbackgroundcanbesuppresseddemandingahigh
transversemomentumfor bothleptons.

A striking possibilityhappenswhenthenew >}x bosonis leptophobic(seealsothenext section).
If thenew >}x doesnot coupleto light chargedleptonsthedirect limits from ë Jë

Þ
>}x
Þ � K � â searches

at Tevatrondo not apply, andthe > x couldbe relatively light, Ø ~ �	� u é%ê GeV. A new leptophobic> x
bosonin this massrangecould lead to like-signdileptonsignalsobservable alreadyat Tevatron. For
LHC, the éf� sensitivity reachesØ(~ �UÛ<Üf� é TeV, ×Jè Û��%ê%ê GeVfor a luminosityof 30 fb âUà [467].

To concludethis sectiona final commentis in order. In the threeheavy neutrinoproduction
processesexaminedwe have consideredheavy Majorananeutrinoswhich are singletsunderthe SM
group(seesaw type I), producedthroughstandardor new interactions.Majorananeutrinosleadto the
relatively cleanLNV signatureof two like-signdileptons,but it shouldbe pointedout that like-sign
dileptonsignalsarisealsoin theotherseesaw scenarios:from thesingleproductionof doublycharged
scalartriplets(seesaw typeII) [276], andin pairproductionof leptontriplets(seesaw typeIII) [468]. For
this reason,like-signdileptonsconstitutean interestingfinal statein which to testseesaw at LHC. Of
course,additionalmulti-leptonsignaturesarecharacteristicof typeII (seesection6 for a discussionon
scalartriplets)andtypeIII seesaw, andthey might helprevealthenatureof seesaw atLHC.

4 Newneutral gaugebosons

Many modelsbeyond the SM introducenew neutralgaugebosons,genericallydenotedby >yx . GUTs
with groupslarger than �c� eeé m always predict the existenceof at leastone >}x boson. Their massis
not necessarilyof the orderof the unificationscale Ø��A������M ê à�� GeV, but on the contrary, one(or
some)of theseextra bosonscanbe“light”, that is, at theTeV scaleor below. Well-known examplesare
E{ grandunification[59] andleft-right models[469] (for reviews seealso[338,470]). Theorieswith
extra dimensionswith gaugebosonspropagatingin thebulk predictaninfinite tower of KK excitations
>���5�� Û >�� à � p >����+� p������ , �	��5�� Û ��� à � p �����+� p������ The lightestones>�� à � , �	� à � , canhave a massat theTeV
scale,anda phenomenologysimilar to >yx gaugebosons[471,472]. Little Higgs modelsenlarge the
SUeeÜ m� �¡ U e Mfm�¢ symmetryandintroducenew gaugebosonsaswell, e.g. in the littlest Higgsmodels
basedon £SUeeÜ my¡ U e Mfm�¤¥� two new bosons>§¦ , ¨}¦ appear, with massesexpectedin theTeV range.

The productionmechanismsand decaymodesof > x bosonsdependon their coupling to SM
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fermions.4 Thesecouplingsarenot fixed even within a classof models. For example,dependingon
thebreakingpatternof E{ down to theSM, thelightest > x hasdifferentcouplingsto quarksandleptons
or, in otherwords,quarksandleptonshave different � e Mfm©x hypercharges.Threecommonbreakingpat-
ternsarelabeledasª , « and¬ , andthecorresponding“light” > x as > x , > x® , > x¯ . Thus,theconstraintson
>}x bosons,aswell asthediscovery potentialfor futurecollidersreferto particular >}x models.

Presentlimits on > x bosonsresultfrom precisemeasurementsat the > poleandaboveatLEP, and
from thenon-observationatTevatron. > polemeasurementsconstrainthe >�kv>}x mixing, whichwould
inducedeviationsin the fermion couplingsto the > . For mostpopularmodelsthe mixing is required
to beof orderof few M ê âSã [338] (asemphasisedabove, limits dependon thevaluesassumedfor the > x
couplings).Measurementsabove the > pole in fermionpair and Ý°K-Ý â productionsetconstraintson
the massandmixing of the > x . The non-observation at Tevatronin ± J± p�² J²

Þ
> x
Þ � K � â setslower

boundson Ø-~r� . Formostcommonmodelsthey areof theorderof ³ ê%ê k �%ê%ê GeV[473],with anobvious
dependenceonthevaluesassumedfor thecouplingto ± , ² quarksandchargedleptons.LHC will explore
themulti-TeV massregion andmight discover a >yx with very small luminosity, for massesof theorder
of 1 TeV. Below we summarisetheprospectsfor “generic” >}x bosons(for examplethosearisingin E{
andleft-right models),which coupleto quarksandleptonswithout any particularsuppression.In this
case,± J± p�² J²

Þ
>}x
Þ Õ*K-Õ â p äyK¬ä â givesverycleansignalsandhasanexcellentsensitivity to searchfor

> x bosons[474–477]. Thenwe examinethesituationwhenleptoncouplingsaresuppressed,in which
caseother >}x decaychannelsmustbeexplored.

4.1 ´�µ bosonsin the dilepton channel

4.1.1 Discovery potential

Thedileptondecaychannelprovidesacleansignatureof a >}x boson.Thepresenceof thisheavy particle
would be detectedby the observation of a resonancepeakin the dileptonmassspectrumover the SM
background,the largestonecomingfrom theDrell-Yanprocess¶ J¶

Þ
�$t�>

Þ � K � â . Reducibleback-
groundslike QCD jetsand� -jetscanbesuppressedmainly by applyingisolationcutsandrequirements
on theenergy depositedin thehadroniccalorimeter. This is illustratedin Fig. 4.21for KK excitations
of the >yt`� anda “reference” >}x·0¸ (sometimesdenotedas >}x·^·<¸ aswell) with the samecouplingsas
the > , in the Õ K Õ â decaychannel.Thesedistributionshave beenobtainedwith a full simulationof the
CMS detector. More detailsof the analysescanbe found in Ref. [478] for the Õ¹KÿÕ â channeland in
Refs.[479,480] for the äyKä â channel.

Thediscovery potentialis obtainedusinglikelihoodestimators[297] suitedfor smalleventsam-
ples.The Õ*KÿÕ â and äyKä â channelsprovide similar results,with someadvantagefor Õ*K-Õ â at lower >yx
masses.A comparisonbetweenboth is given in Fig. 4.22 for the E{ > x andthe reference> x·<¸ . For
massesof 1 TeV, a luminosity of 0.1 fb âUà would suffice to discover the > x bosonsin mostcommonly
usedscenarios,suchas >}x , >yx® , >}x¯ mentionedabove, left-right modelsandKK >�� à �<t`��� à � . For a lumi-
nosityof 30fb âUà , éf� significancein the Õ*K-Õ â channelcanbeachievedfor massesrangingupto u � u TeV
( > x ) and5.5TeV ( > � à � t`� � à � ). ATLAS studiesobtaina similar sensitivity [481]. Theoreticaluncertain-
tiesresultfrom thepoorknowledgeof PDFsin thehigh º andhigh » � domain,andfrom higher-order
QCDandEW corrections(K factors),andthey amountto M ê k Ü%ê %. Nevertheless,measurementsof real
dataoutsidethemasspeakregionswill reducethis uncertaintyto a largeextent.

4.1.2 ´ µ and implications on new physics

Onceanew resonancedecayingto
� K � â (

� Û Õ p ä ) is found,informationabouttheunderlyingtheorycan
beextractedwith thestudyof angulardistributionsandasymmetries.Thefirst stepis thedetermination

4Decaysto new fermionsandbosons,if any, arealsopossiblebut usuallyignoredin mostanalyses.Whenincludedthey
decreasethe branchingratio to SM fermions,and then they lower the signal crosssectionsand discovery potential in the
standardmodes.

114



)2
¼

M (GeV/c

3000
½

4000
¾

5000
¿

) 2
N

 (
/ 1

00
 G

eV
/c

0
À2
4

6
Á8
Â10

12

14

)
Ã2M (TeV/c

1.5
Ä

2
Å

2.5
Å

3
Æ

3.5
Æ

4
Ç

4.5
Ç

)2
N

(/
10

0G
eV

/c

0
È2
Å4
Ç6
É8
Ê10
Ä12
Ä14
Ä

)
Ã2M (TeV/c

1.5
Ä

2
Å

2.5
Å

3
Æ

3.5
Æ

4
Ç

4.5
Ç

)2
N

(/
10

0G
eV

/c

0
È2
Å4
Ç6
É8
Ê10
Ä12
Ä14
Ä

Fig. 4.21: Resonancesignal(white histograms)andDrell-Yanbackground(shadedhistograms)for KK ËÍÌ b¥Î�Ï�Ð Ì bÑÎ
bosonproductionwith


 %(ÒÔÓ ) TeV (left), and Ë$ÕÖ6× with

 %(ØDÓ ) TeV (right), with anintegratedluminosityof

30 fb acb (from CMSfull simulation).

Fig. 4.22: ' ô discoverylimit asafunctionof theresonancemassfor two examplesof Ë§Õ bosons,in the �/Ù	�!a (red,
dashedlines)andÚcÙÛÚ$a (blue,solid lines)channels(from CMSfull simulation).

of theparticlespin,whatcanbedonewith thehelpof the
� â distribution in the

� K � â restframe[482].
Let us denoteby ÜDÝ the anglebetweenthe final

� â and the initial quark.5 The Þ/ßfà$ÜÔÝ distribution is
obviously flat for ascalarparticle.For aspin-1particle(� , > or >yx ) it is givenby

²Ô�
² Þ/ßfà	Ü Ý Û

u
� £ MáhvÞ/ßfà � Ü Ý ¤Ûhv¨ FB Þ/ßfà§Ü Ý e � p > p > x m p (4.19)

wherethecoefficient of the Þ/ßfà�ÜÔÝ term ¨ FB dependson the >}x couplingsto quarksandleptons. (The
Þ/ßfà$ÜDÝ forward-backward asymmetryis equalto this coefficient, henceour choiceof notation.) For a
spin-2graviton â thecorrespondingdistribution is

²Ô�
² Þ/ßfà�Ü Ý Û

é
� £ Mákvufã<ä$Þ/ßfà � Ü Ý h e ã0åákçæcã0ä*mèÞ/ßfà`éêÜ Ý ¤ e â�m � (4.20)

5In ë`ë collisionsthequarkdirectionis experimentallyambiguousbecausethequarkcanoriginatefrom eitherprotonwith
equalprobability. Thesignambiguityin ì/í`îfï^ð canberesolvedassumingthattheoverall motionof the ñ`òfñ�ó systemis in the
directionof theinitial quark(whatgivesagoodestimationbecausethefractionof protonmomentumcarriedby quarksis larger
in average)andtakinginto accounttheprobabilityfor a“wrong” choice.Additionally, thetransversemomentaof theincoming
partonsis not known, andit is generallybelievedthatoptimalresultsareachievedby usingtheCollins-Soperangleï�ð ô¹õ [483]
astheestimationfor ï ð .
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The constantsã ä and ã å are the relative contributions of the two processesin which gravitons canbe
produced,¶ J¶

Þ
â and ö�ö

Þ
â , which arefixed for a given mass÷(ø anddependon thePDFs. The

methodin Ref. [482] usesonly theeven termsin the Þ/ßfà$ÜDÝ distribution (thusavoiding thedependence
on the > x modelandthe Þ/ßfà§Ü Ý sign ambiguity). It hasbeenappliedto the dimuondecaychannelin
Ref.[484]. Figure4.23shows the Þ/ßfà�ÜÔÝ distributionsfor a3 TeV graviton and >}x . Bothdistributionsare
ratherdifferent,andthetwo spinhypothesescanbedistinguishedalreadywith arelativesmallnumberof
events.Table4.7contains,for differentmassesandcouplingparametersù (crosssectionsareproportional
to ú ù�ú � ), theintegratedluminosityrequiredto discriminateat the Üf� level betweenthespin-1andspin-2
hypotheses.Thecrosssectionsfor > x bosonsareassumedto beequalto theonesfor gravitonswith the
givenmassesand ù values.In thefivecasestherequiredsignalis in therangeM é%ê k Ü%ê%ê events,andlarger
for a larger number û�j of backgroundeventsasonemay expect. Sincetheproductioncrosssections
fall steeplywith themass,the integratedluminosity requiredfor spindiscriminationincreaseswith ÷
(anddecreasesfor larger ù ). Distinguishingfrom thespin-0hypothesis(aflat distribution) is harder, and
requiressignificantlymoreeventsthandiscriminatingspin2 from spin1, asdiscussedin Ref. [482].

Fig. 4.23: Angulardistributionsfor a3 TeV graviton (left) and Ë$Õ boson(right) in thedimuondecaychannel.Open
histogramscorrespondto generated-level data,while colouredhistogramsshow eventsafter full CMS detector
simulationandreconstruction.Theoreticalfits to MonteCarlodataareoverlayed.

Table 4.7: Numberof signalevents �}ü requiredto discriminateat the 2ô level betweenthe spin-1andspin-2
hypotheses,in thepresenceof �}ý backgroundevents(seethetext). Fromfull CMSdetectorsimulation.

÷ (TeV) ù L (fb âUà ) ûqg ûqj
1.0 0.01 50 200 87
1.0 0.02 10 146 16
1.5 0.02 90 174 41
3.0 0.05 1200 154 22
3.0 0.10 290 154 22

It shouldbe remarked that,apartfrom thedirect spin determination,a > x anda graviton canbe
distinguishedby theirdecaymodes.Indeed,thelattercandecayto �c� , andthediscovery significancein
thisfinal stateis equalor betterthanin theelectronandmuonchannels.On thecontrary, > x

Þ
��� does

nothappenat thetreelevel.

Thevarious >}x modelsarecharacterisedby differentparity-violating >}x couplingsto quarksand
leptons,reflectedin differentcoefficientsof thelinear Þ/ßfà$Ü Ý termin Eq. (4.19). This coefficient canbe
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measuredwith atechniquedescribedin Ref.[480] for thedimuondecaychannel.̈yþ�ÿ is extractedusing
an unbinnedmaximumlikelihoodfit to eventsin a suitablewindow aroundthe ä K ä â invariantmass
peak.Thefit is basedonaprobabilitydensityfunctionbuilt from severalobservables,including Þ/ßfà�ÜÔÝ� ·
(asanestimationof thetrue Þ/ßfà$Ü Ý ). Thevaluesobtainedfor ¨ FB areshown in Fig. 4.24for six different
>}x models: the >}x , >yx® and >}x¯ from E{ unification,a left-right model (LRM) [469], an “alternative
left-right model” (ALRM) [485] andthe“benchmark” >yxSM. With anintegratedluminosityof 400fb âUà
at CMS, onecandistinguishbetweeneithera > x® or > xALRM andoneof the four othermodelswith a
significancelevel above 3� up to a >}x massbetween2 and2.7TeV. Onecandistinguishamongthefour
othermodelsup to ÷-~Û��� M}k M � é TeV, whereas>}xALRM and >}x® areindistinguishablefor ÷-~r�|H�M TeV.

Fig. 4.24: Theoreticalvalues�����	��
���� (dottedlinesandasterisks)andreconstructedvalues ���������� (triangles)of the� FB coefficient in Eq. (4.19),obtainedfor differentmodels(seethe text), with

����

= 1 TeV (left) and

����

= 3
TeV (right). Thesolidverticallinesarehalfwaybetweentheadjacentvaluesof ��������
���� . Theerrorbarson the ����������
trianglesshow the �Âô errorscaledto 10fb acb (for


 � � % � TeV) and400fb acb (for

 � � %PØ TeV). Obtainedfrom

CMSfull detectorsimulation.

Additional observables,like rapidity distributions [486] or the off-peak asymmetries[487] can
beusedto furtherdiscriminatebetween> x models.We finally point out that in specificmodelsthe > x
bosonmayhave othercharacteristicdecaychannels,whichwould thenidentify theunderlyingtheoryor
provide hints towardsit. Onesuchexampleis the decay > ¦ p ¨ ¦

Þ
>�� in little Higgsmodels[488],

which couldbeobservable[408]. Contrarily, in > x modelsfrom GUTsthis decaywould begenerically
suppressedby thesmall >�k >yx mixing, andis unlikely to happen.

4.1.3 ´ µ and fermion masses

In modelswhich addressfermion massgeneration,onecango a stepfurther andtry to relatefermion
masseswith othermodelparameters.This is thecase,for instance,of extensionsof theRS [138] sce-
nario, wherethe SM fields (except the Higgs boson)arepromotedto bulk fields. If the SM fermions
acquirevariouslocalisationsalongtheextradimension,they provide aninterpretationfor thelargemass
hierarchiesamongthedifferentflavours. Within theframework of theRSmodelwith bulk matter, col-
lider phenomenologyandflavour physicsareinterestinglyconnected:theeffective 4-dimensionalcou-
plings betweenKK gaugebosonmodesandSM fermionsdependon fermion localisationsalong the
extra dimension,which arefixed(non-uniquely)by fermionmasses.6 Herewe testtheobservability of
KK excitationsof thephotonand > bosonat LHC in theelectronchannel,ë¸ë Þ ����5��4t�>�� 5A�

Þ �
K
� â .

6Fermionmassesaredeterminedup to a globalfactorby thefermionlocalisations(whichgeneratethelargehierarchies)as
well asby !#"$! matricesin flavour spacewith entriesof orderunity. Then,therelationbetweenmassesandcouplingsis not
unique,but involvesadditionalparameters(four !%"$! matrices).
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Previous estimationsfor RS modelsaregiven in Ref. [145], underthe simplificatingassumptionof a
universalfermionlocation.

Thefit of EW precisiondatatypically imposesthebound ÷'&#& � M ê TeV [145,148]. However,
if the EW gaugesymmetryis enlarged to � � e( m*)(¡-�c� e( m*+v¡-� e Mfm*, [424], agreementof the S, T
parametersis possiblefor ÷ &#& � u TeV. The localisationof the e I;  p.-  $m doublettowardsthe TeV
brane(necessaryto generatethe large top quarkmass)in principle generatesdeviationsin the > -   -  
coupling (seealso the next subsection),what canbe avoided with a / e ufm custodialsymmetry[427].
In the examplepresentedhere,the SM quarkdoubletsareembeddedin bidoubletse(fp.( m � 0 ã underthe
above EW symmetry, asproposedin [427] andin contrastwith Ref. [424]. Motivatedby having gauge
representationssymmetricbetweenthequarkandleptonsector, the leptondoubletsareembeddedinto
bidoubletse(fp.( m*1 . Thisguaranteesthatthereareno modificationsof the > �   �   couplings.

Thesimulationof >���5��4t`��� 5A� production[489] is obtainedafter implementingthenew processes
in ?A@DBACFE!G . Only 23� êfp M p.( areconsidered,sincethecontributionsof KK excitationswith 2lo�u arenot
significant.Thecrosssectiondependson thefermionlocalisationswhich areclearlymodel-dependent.
In Fig. 4.25weshow the

�
K
� â invariantmassdistribution for two differentfermionlocalisationscenarios

labelledasA andB (seeRef. [490]), bothwith ÷ &#& � u TeV. Thesescenariosarein agreementwith
all presentdataon quarkand lepton massesand mixings [490], in the minimal SM extensionwhere
neutrinoshaveDiracmasses.Furthermore,for bothsetsFCNprocessesarebelow theexperimentallimit
if ÷ &#& � M TeV. In Fig. 4.25we observe that thesignalcanbeeasilyextractedfrom thephysicalSM
background,asanexcessof Drell-Yaneventscomparedto theSM expectation.
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Fig. 4.25: Distribution of the ��Ù	�!a invariantmassfor Ë Ì ��Î Ï;Ð Ì �^Î productionin two scenarios(A andB) for the
fermion localisationsandtheSM background.Thenumberof eventscorrespondsto an integratedluminosityof
96.6fb a�b .

4.2 ´�µ in hadronic channels

>}x bosonswith suppressedcouplingto leptons(“leptophobic”or “hadrophilic”) have theoreticalinterest
on theirown. They werefirst introducedsometimeago[491–493]on apurelyphenomenologicalbasis,
in anattemptto explain reportedu � éf� and (f� éf� deviationsin 687 and 6 1 , respectively, observed by the
LEP experimentsat the > pole. In order to accommodatethesedeviationswithout spoiling the good
agreementfor theleptonicsector, the >}x couplingsto - , ù wererequiredto bemuchlarger thanthoseto
chargedleptons,sothatthedeviationsin the > -9- , >qù^ù couplingsinducedby asmall > k(>}x mixing were
significantfor quarksbut not for chargedleptons.As abonus,theintroductionof leptophobic> x bosons
seemedto explainanapparentexcessof jet eventsat largetransversemomentameasuredby CDF.

With morestatisticsavailablethedeviationsin 687 , 6 1 have disappeared,andSM predictionsare
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now in goodagreementwith experiment.Nevertheless,a (f� ³ � discrepancy in ¨ 7FB hasremaineduntil
now. Thisdeviationmightwell bedueto someuncontrolledsystematicerror. But, if oneacceptsthe ¨ 7FB
measurement,explainingit with new physicscontributionswhile keepingthegoodagreementfor 687 is
quite hard. Onepossibility hasrecentlyarisedin the context of RS models,wherethe introductionof
a custodialsymmetry[427] protectsthe > -   -   couplingfrom correctionsdueto mixing with the >�� à � .
> -�O:-�O , is allowedto receive anew contribution from mixing, whichcouldexplain theanomalyin ¨ 7þ�ÿ .
Alternatively, onemayallow deviationsin > -   -   and > -�O:-�O , chosensoasto fit theexperimentalvalues
of 687 and ¨ 7FB [494]. Thenew >�� à � statehasa massof ( kvu TeV andsuppressedcouplingsto charged
leptons.Hence,it canbeproducedat LHC but mainly decaysto quark-antiquarkpairs.Leptophobic> x
bosonscanalsoappearin grandunifiedtheoriesas z { [475,495].

Studiesof theCMS sensitivity to narrow resonancesin thedijet final stateshave beenperformed
[496]. Experimentalsearchesin thedijet channelarechallengingbecauseof thelargeQCDbackground
andthe limited dijet massresolution.All new particleswith a naturalwidth significantlysmallerthan
the measureddijet massresolutionshouldall appearasa dijet massresonanceof the sameline shape
in thedetector. Thus,a genericanalysissearchhasbeendevelopedto extractcrosssectionsensitivities,
which arecomparedto the expectedcrosssectionsfrom differentmodels(excited quarks,axigluons,
colorons,z { diquarks,color octettechnirhos,; x , >}x , andRS gravitons), to determinethemassrange
for which we expectto beableto discover or excludethesemodelsof dijet resonances.Thesizeof the
crosssectionis a determiningfactorin whetherthemodelcanbediscovered,asillustratedin Fig. 4.26
for a sequential>}xSM andothernew states. For a luminosity of 10 fb âUà the >yxSM signal is aboutone
orderof magnitudebelow the éf� discovery limit for all themassrange,anda discovery is not possible.
Conversely, if agreementis foundwith theSM expectation,>}xSM massesbetween2.1 and2.5 TeV can
beexcluded(seeFig. 4.26).

Fig. 4.26: ' ô discovery limits (circles)and95%upperbounds(squares)for resonancesdecayingto two jets,as
a function of their mass. The luminosity is of 10 fb a�b anda full simulationof the CMS detectoris used. The
predictionsof severalmodelsarealsoshown.

For resonancesdecayingto I!JI preliminarystudieshave beenperformedin Ref. [497]. With 300
fb âUà , a500GeVresonancecouldbediscoveredfor acrosssection(includingbranchingratioto I!JI ) of 1.5
pb. For massesof 1 TeV and3 TeV, thenecessarysignalcrosssectionsare650and11 fb, respectively.

5 Newchargedgaugebosons

Extensionsof the SM gaugegroup including an additional � � e( m factor imply the existenceof new
bosons; � � (aswell asan extra >}x boson,whosephenomenologyhasbeendescribedin the previous
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section). Two well-known examplesare left-right models,in which the electroweak gaugegroup is
� � e( m�  ¡Í� � e( m O ¡ � e Mfm , andlittlestHiggsmodels(thosewith group £SUe( m+¡ U e Mfm�¤ � ). As for theneutral
case,theinteractionsof new ;&x bosonsdependon thespecificmodelconsidered.For example,in left-
right modelsthenew chargedbosons(commonlydenotedas ; O ) havepurelyright-handedcouplingsto
fermions,whereasin littlest Higgsmodelsthey arepurely left-handed,astheordinary ; boson.Low-
energy limits arecorrespondinglydifferent. In theformercasethekaonmassdifferencesetsa limit on
the ; O massof theorderof two TeV [498]. This stringentlimit is dueto anenhancementof the“LR”
box diagramcontribution involving ; and ;PO exchange[499], comparedto the“LL ” exchangeof two
chargedbosonswith left-handedcouplings.On theotherhand,in little Higgsmodels(especiallyin its
minimal versionslike the littlest Higgs model)precisionelectroweak dataarequite constraining,and
requirethe ; x massesto beof theorderof severalTeV [500,501].

5.1 Discovery potential

Moststudiesfor ; x discoverypotentialhavefocusedona ; x bosonwith SM-likecouplingsto fermions
and ;°> , ;<� decayssuppressed.Thepresentdirectlimit from Tevatronis = æ � H?>A@ é GeV with 95%
CL [502]. PreviousATLAS studieshaveshown thata ; x bosoncouldbeobservedin theleptonicdecay
channel; x Þ �AB.C

,
� �gä p � , if it hasa massup to 6 TeV with 100fb âUà of integratedluminosity[503].

ForCMStheexpectationsaresimilar[504]. Herethepossibledetectionof a ; x signalin themuondecay
channelis investigated,focusingonmassesin therangeMyk (f� é TeV andusingthefull simulationof the
ATLAS detector. Thesignalhasbeengeneratedwith ?D@ABACrE+G usingCTEQ6Lstructurefunctions. The
resultingcrosssectionstimesbranchingratio, aswell asthe ;&x width for variousmasses,aregiven in
Table4.8(left). The ; x canbeidentifiedasasmearedJacobianpeakin thetransversemassdistribution,
built with themuontransversemomentumandthetransversemissingenergy ë_ìD . Figure4.27shows the
smearingof theedgeafterfull simulationof theATLAS detector.

Table 4.8: Left: expectedcrosssectiontimesbranchingratio for the ù Õ�ø°Ú�E signal,andtotal ù Õ width. Right:
crosssectiontimesbranchingratio for themainbackgroundsprocesses.

Signal: ë¸ë Þ ; x Þ ä B.F hHG= æ � (TeV) � ¡ BR (pb) IKJMLNJ (GeV)
1.0 3.04 34.7
1.5 0.57 52.6
2.0 0.15 70.5
2.5 0.047 88.5

SM Backgroundprocesses � ¡ BR (nb)ë¸ë Þ ; Þ ä B.F hHG 15ë¸ë Þ ; Þ å B.O Þ ä B.FPB.O hHG 2.6ë¸ë Þ >
Þ ä â äyK hHG 1.5ë¸ë Þ >
Þ å â å§K Þ ä2hHG 0.25ë¸ë Þ I!JI
Þ ; - ; J - ÞRQ B.S hHG 0.46

QCD(all di-jet processes) é ¡çM ê �

In addition to the signal, therearecontributions from the variousSM backgroundsoriginating
from theprocessesgiven in Table4.8 (right). The ; backgroundis irreducible,but all theotherback-
groundscanbereducedapplyingtheappropriateselections.In Table4.9 theselectioncutsusedfor the
backgroundrejectionareshown.

Themainsignatureof thesignalis thepresenceof anenergeticmuontogetherwith a significant
missingtransversemomentumin the event. Whensearchingfor a ; x with massof 1 TeV or heavier,
eventsthatcontainat leastonereconstructedmuonwith ë ì H�M ê%ê GeVandmissingtransversemomen-
tum ë_ìD H é%ê GeV areselected.Thesecutsmainly eliminatethe I!JI background,which tendsto have less
energetic muons,and > production,which in generaldoesnot have significantmissingenergy. Muons
comingfrom ; x decaysareisolated,i.e. they do not belongto a jet. Isolatedmuonsareidentifiedby
requiringthatthecalorimetricenergy depositedinsidethedifferenceof asmallandabiggerconearound
the muontrack is lessthan T 1 �cal kUT 1�àcal V M ê GeV, wherethe cones‘01’ and‘02’ aredetermined,re-
spectively, astheoneswhich have WX6Y� êf� M p�êf�M( . This doubleconestrategy is adoptedbecausemuons

120



Entries  5526

 (GeV)TM
0
Z

500
[

1000 1500 2000
\

2500
\

3000
] 310×

E
ve

n
ts

/4
0G

eV

0
Z

100

200
\
300
]
400
^
500
[
600
_ Entries  5526

νµ̀a→Transverse Mass - 1TeV W’

recob
true
c

Fig. 4.27: Generatedandreconstructedtransversemassdistributionfor asimulated1 TeV ù Õ , beforeany detector
effectsandafterfull simulationof theATLAS detector.

from ; x decaysarevery energetic andthereforecanhave significant,almostcollinearradiation. Fig-
ure4.28shows the distribution of calorimetricenergy containedin thedifferenceof the two conesfor
bothsignalandbackground.It is evident that theabove cut reducesmainly the I�JI background.Events
with exactly oneisolatedmuonareselected.> backgroundeventscontainmostly two isolatedmuons,
exceptfor thecaseswhereoneof themuonslies in a region outsidethemuonspectrometer( ú ¬êúèH (f� ³ )
or is not reconstructed.Thesecasesaccountfor aboutthe uAdAe of the high mass> eventsandremain
asirreduciblebackground.QCD and I JI backgroundscontainin mostcasesnon-isolatedmuonscoming
from jets. In orderto eliminatethe QCD di-jet background,which containsonejet misidentifiedasa
muon,eventswith additionalhigh energy jets,with ë ì H ( dAd GeV, arerejected(JetVeto). The I JI back-
groundis further reducedby applyinga - -jet veto cut (in ATLAS the jet taggingis donefor jets withë_ì H MAf GeV). Muonscomingfrom cosmicraysand - -decaysarerejectedwith track quality criteria,
whatensuresthatthemuontrackis well reconstructed.Specifically, cutsareappliedon the « � probabil-
ity over thenumberof degreesof freedomandthetransverse² 1 andlongitudinal g�1 perigeeparameters:h8iPj -^e «§�fm;tAk jml HUd � dAdfM , ² 1 tAW e;² 1 m V MAd , g 1 V uAdAd mm.

Table 4.9: Cross-sectiontimesbranchingratio to muonsandrelative efficienciesaftereachcut. Thecutscorre-
spondto: (1) öAnpoq� )*) GeV andöAnr o '+) GeV; (2) s -jet Veto;(3) JetVeto;(4) muonisolationandquality.

1 TeV ; x 2 TeV ;&x ; (off-shell) I!JI > (off-shell)
cut � (pb) eff (%) � (pb) eff (%) � (pb) eff (%) � (pb) eff (%) � (pb) eff (%)
1 2.52 82.8 0.126 84.0 2.04 74.4 8.878 1.93 0.251 9.89
2 2.45 80.7 0.122 81.4 1.99 72.8 1.610 0.35 0.244 9.62
3 2.23 73.3 0.104 69.4 1.95 71.1 0.966 0.21 0.237 9.34
4 2.18 71.6 0.101 67.3 1.91 69.8 0.736 0.16 0.232 9.15

After the applicationof all the signal separationrequirementsthe transversemassdistribution,
shown in Fig. 4.29,hasbeenstatisticallyanalysedto determinethesignificanceof thediscovery. First,
for each; x massthetransversemassinterval whichgivesthebestdiscovery significanceis determined.
The correspondingnumberof signalandbackgroundeventsfor 10 fb t�u arepresentedin Table4.10.
Theminimumluminosityto have a f � significantdiscovery is alsocalculatedandshown in Table4.11.
The significanceis calculatedassumingPoissonstatistics.The errorsin the luminosity correspondto
a fAe systematicuncertaintyin thesignal(mainly dueto thevariationof PDF’s) anda ( dAe systematic
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Fig. 4.28: Distribution of calorimetricenergy containedin the differenceof two coneswith ������� Ó � and������� Ó � for bothsignalandbackgroundevents.

uncertaintyin the background(due to several different contributions). The uncertaintiesin the NLO
corrections( � factors)areexpectedto influenceboth thesignalandthebackgroundin a similar way.
Theexperimentalsystematicuncertaintiesareexpectedto bereducedonly afterthefirst datatakingusing
the control samplesof � and ; events. A control samplewill alsobe formedin the transversemass
region between200 and400 GeV, which will provide the final checkfor the systematicuncertainties
collectively, concerningthescaleaswell astheshapeof thebackground.

Table 4.10: Numberof signalandbackgroundeventsexpectedfor 10 fb � � of integratedluminosity, for various¡ Õ masses.Thebestsearchwindowsin thetransversemassdistribution ¢�£ n�¤ arealsoshown.¥'¦�§
1.0TeV 1.5TeV 2.0TeV 2.5TeV¥'¨

(TeV) dA©Mª¬«®A©M¯ °A©M±²«®³A©M° A©M³²«´³A©M± A©Mª²«®µA©M³
SignalEvents A¶A¯A¶Aµ¸·®¯A¹A¯ µA°A¶A±¸·®A¶Aµ ªA°Aµ¬·®µA° ³A³A¶¬·´A
SM BackgroundEvents ºKªA±²·´±»º ¯Aª¬·®A¶ ³A³¬·®¶ A¶¬·´µ

A new ¼¾½ bosonwith SM-likecouplingsto fermionscanbediscoveredwith low integratedlumi-
nosityduring the initial LHC running. With 0.3 fb ¿�À integratedluminosity, a ¼ ½ canbediscoveredin
theATLAS experimentwith a massup to 2.5TeV. Imposingtheadditionalrequirementof observingat
least10 candidatesignaleventswould risetheminimumluminosityto 0.5fb ¿�À .

Thepresentstudyso far hasbeenperformedwithout pile-upandcavern backgroundconditions.
Both theseconditionsarenot expectedto affect much the resultssincethe initial run will be at very
low luminosity andmoreover the majority of the muonsof the signalconcentratein the barrelregion.
Nevertheless,studiesfor thefake reconstructionwith bothkindsof backgroundareunderway.
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Fig. 4.29: Transversemassdistribution of the SM backgroundand
¡ÎÍ

signalscorrespondingto different
¡ÎÍ

masses,plottedon top of thebackgroundfor anintegratedluminosityof 10 fb � � .

Table 4.11: Minimum luminosityrequiredin orderto have a ÏÑÐ discovery for various
¡ÎÍ

masses.Ò8Ó , ÒÕÔ stand
for thenumberof signalandbackgroundevents,respectively, within theoptimaltransversemasswindow.¥'¦�§

(TeV) Luminosity(fb ¿�À ) Ö¸× Ö¸Ø
1.0 µA©M°²·q°A©Mµ 4.7 0.14
1.5 »ºK©Mª¸·®A© º 4.5 0.11
2.0 ¹»ºÙ·®± 5.1 0.18
2.5 ³A¹Aµ¬·®µA 6.4 0.42

Finally, we point out that the experimentalresolutionfor muonswith Ú ¨ rangingfrom 0.5 to
1 TeV is about ¶$«ÛA°AÜ , giving an experimentalwidth larger thanthe intrinsic width, shown in Table
4.8(left). Thereforeno furtherattempthasbeenmadefor discriminatingtheunderlyingtheorybasedon
the ¼ ½ width. However, following the ¼ ½ discovery, themuonicdecaychannelcouldprovide valuable
informationconcerningtheFB asymmetry, which in turncouldbeusedto discriminatebetweenvarious
theoreticalmodels.

6 Newscalars

Additional scalarsappearin theoriesbeyond the SM to solve someof the problemspresentedin the
introduction.A selectionof thesemodelsandtheirgoalsare:

– 2 HiggsDoubletmodels:explain theoriginsof theCPasymmetry

– Little Higgsmodels:solve thehierarchyproblem

– Babu-Zeemodel:explain thesourcesof theneutrinomassdifferences

The 2 Higgs DoubletModel (2HDM) containstwo Higgs fields,oneto give massto SM gauge
bosonsand the other one remainingwith CP violating terms[505]. The additional2 neutralHiggs
particlesaimto solve thestrongCPproblemandexplain theobservedbaryonasymmetryof theuniverse
with minimum impact to the SM. Sucha model can be easily investigatedat LHC via either direct
observationof thenon-SMHiggsparticlesor indirectly via theenhancementto theFCNCHiggsdecays
involving the top quark. The detailsof sucha discovery andof possiblediscriminationbetweenthe
modelscanbefoundin chapter2.3.2.
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Little Higgs models[389,393,394] aim to solve the hierarchyproblemarising from the rather
largeloop correctionsto thetreelevel Higgsmass,without imposingasymmetrybetweenfermionsand
bosons.Instead,theunwantedcontributionsfrom theloopsareremovedvia thesamespincounterparts
of theinvolvedSM particles:top quark,W andZ bosonsandtheHiggsitself. Thecouplingcoefficients
of thesepredictedparticlesareconnectedto theirSM counterpartsvia thesymmetriesof thelargergroup
embeddingthe SM gaugegroup. Dependingon the selectionof the embeddinggroup, thesemodels
predictavarietyof new particles.Additionalcharge+2/3quarks(studiedin subsection2.1),anumberof
spin1 bosonsandanumberof scalars,with masseslessthan2, 5 and10TeV respectively. Thesmallest
of thesesymmetrygroupsdefinestheLittlest Higgsmodelwhichpredictsthreenearlydegeneratescalar
particleswith charges2, 1 and0. Experimentally, thedoublychargedscalaris themostappealingone,
sinceits manifestationwouldbetwo like-signleptonsor ¼ bosonswhenproducedsingly[276,408,506],
or two like-signleptonpairswith equalinvariantmasswhenproducedin pairs [278,408,507]. More
generally, scalartripletsappearin varioustype II seesaw models.For scalartriplets in supersymmetric
modelsseechapter3.5.

The Babu-Zeemodel, independentlyproposedby Zee [508] and Babu [509], proposesa par-
ticular radiative massgenerationmechanism. This mechanismmight help understandingthe origin
of neutrinomassesandmixing angleswhich arefirmly establishedby the neutrinooscillationexper-
iments[510–513]. The model introducestwo new charged scalarsÝ Þ and ßPÞ�Þ , both singletsunderàâáÙã ³Aä�å , whichcoupleonly to leptons.Neutrinomassesin this modelariseat thetwo-looplevel. Since
presentexperimentalneutrinodatarequiresat leastoneneutrinoto have a massof theorderof æ ã °A©M°A¶Aä
eV [199] anestimationfor thevalueof neutrinomassesin themodelindicatesthat for couplingsç andÝ of order æ ã Aä (seeEq. (4.30))thenew scalarsshouldhave massesin therangeæ ã °A©M$«¾Aä TeV (see
ref. [514]). Themodelis thereforepotentiallytestableat theLHC.

6.1 Scalar triplet seesawmodels

An importantopenissueto beaddressedin thecontext of little Higgsmodels[389,393,394] is theorigin
of neutrinomasses[438,515,516]. A neutrinomassgenerationmechanismwhich naturallyoccursin
thesemodelsis typeII seesaw [271,517,518],whichemploysascalarwith theSU

ã ³Aä�åéè U
ã Aä�ê quantum

numbersëíì ã µAî.³Aä . The existenceof sucha multiplet in somelittle Higgs models[394,519] is a
directconsequenceof theglobal ïSU

ã ³AäÕè U
ã Aäñð�ò symmetrybreakingwhichmakestheSM Higgslight.

Although ë is predictedto beheavier thantheSM Higgsboson,thelittle Higgsphilosophyimpliesthat
its masscouldbeof order æ ã Aä TeV. Dueto its specificquantumnumbersthetriplet Higgsbosononly
couplesto theleft-chiral leptondoubletsó�ôõì ã ³Aî.«éAä , öÕ÷Uø�î�ù:î�ú , via Yukawa interactionsgivenbyû$ü ÷�öþýó�ÿô ú ò�� ô�� ã ú�� ë¬äó ��� h.c. î (4.21)

where� ô�� areMajoranaYukawacouplings.Theinteractionsin Eq.(4.21)induceLFV decaysof charged
leptonswhich have not beenobserved. The moststringentconstrainton theYukawa couplingscomes
from theupperlimit on thetree-level decayù
	 ø ø ø [276,520]

���������� � µ èHA° ¿�� ã ¥ ü������ TeVä ò î (4.22)

with
¥ ü����

themassof thedoublychargedscalar, constrainedby directTevatronsearchesto be
¥ ü������

AµAª GeV[521,522]. Experimentalboundson thetauYukawa couplingsaremuchlessstringent.

According to Eq. (4.21), the neutralcomponentof the triplet Higgs boson ë�� couplesto left-
handedneutrinos.Whenit aquiresaVEV � ü , it inducesnonzeroneutrinomasses� � givenby themass
matrix ã � � ä ô�� ÷ � ô�� � ü © (4.23)

We assumethat the smallnessof neutrinomassesis due to the smallnessof � ü © In this work the tau
Yukawacouplingis takentobe ��!"! ÷U°A©M°A , andtherestof couplingsarescaledaccordingly. In particular,
hierarchicalneutrinomassesimply ����� î ����$#%� !"! , consistentwith presentexperimentalbounds.
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In this framework thereis a possibility to perform direct testsof the neutrinomassgeneration
mechanismatLHC, via pairproductionandsubsequentdecaysof scalartriplets.HeretheDrell-Yanpair
productionof thedoublychargedcomponent

Ú Ú�	 ë Þ�Þ ë ¿�¿ (4.24)

is studied,followed by leptonic decays[276,278,507,523–526]. Notice that in this process(i) the
productioncrosssectiononly dependson

¥ ü&���
andknown SM parameters;(ii) the smallnessof � ü

in this scenario,due to the smallnessof neutrinomasses,implies that decaysë Þ�Þ 	 ¼ Þ ¼ Þ are
negligible; (iii) the ë²Þ�Þ leptonicdecaybranchingfractionsdo not dependon the sizeof the Yukawa
couplingsbut only on their ratios,which areknown from neutrinooscillationexperiments.For normal
hierarchyof neutrinomassesanda very small value of the lightest neutrinomass,the triplet seesaw
model predictsBR

ã ë Þ�Þ 	 ù Þ ù Þ ä(' BR
ã ë Þ�Þ 	 ú Þ ú Þ ä ' BR

ã ë Þ�Þ 	 ù Þ ú Þ ä('  � µ . This
scenariois testableat LHC experiments.

The productionof thedoubly-chargedscalarhasbeenimplementedin the )�*�+�,�-/. Monte Carlo
generator[43]. Final andinitial stateinteractionsandhadronisationhave beentakeninto account.Four-
leptonbackgroundswith high Ú ¨ leptonsarisefrom threeSM processes:0 ý0 , 0 ý09� and ��� production.)�*�+�,1-/. hasbeenusedto generate0 ý0 and ��� background,while 2�3�4�5�6�7�5 wasusedto generatethe 0 ý09�
backgroundvia its )�*�+�,1-/. interface[415,423]. CTEQ5Lpartondistribution functionshave beenused.
Additional four-leptonbackgroundsexist involving 8 -quarksin thefinal state,for example, 8 ý 8 produc-
tion. Chargedleptonsfrom suchprocessesarevery soft, andthesebackgroundscanbeeliminated[57].
Possiblebackgroundprocessesfrom physicsbeyondtheSM arenot considered.

A clearexperimentalsignatureis obtainedfrom the peakin the invariantmassof two like-sign
muonsand/ortauleptons: ã �:9;=<>;@? ä ò ÷ ã ÚA9;=< � ÚA9;@? ä ò î (4.25)

whereÚ19;B<�C ;@? arethefour-momentaof two like-signleptonsD�9À , D�9ò . Sincelike-signleptonsoriginatefrom

decayof a doubly chargedHiggs boson,their invariantmasspeaksaround� 9;E; § ÷ ¥ ü�F�F in the case
of the signal. The four-muonfinal stateallows to obtaininvariantmassesdirectly from Eq. (4.25). In
channelsinvolving oneor several tau leptons,which areseenas ú -jetsor secondarymuons(markedasù ½ below), themomentaof thelatterhasto becorrectedaccordingto theequationsystem

GÚ !@H ÷ ß�ô GÚ jetHJI �
§
H î (4.26)GÚ ¨K ÷ ô

ã GÚ � H ä ¨ î (4.27)

� Þ; < ; ? ÷ � ¿; < ; ? î (4.28)

whereö countsú leptons,
ã GÚ � H ä ¨ is thevectorof transversemomentumof theproducedneutrinos,

GÚ ¨K is
thevectorof missingtransversemomentum(measuredby thedetector)and ß ôMLU arepositiveconstants.
Eq. (4.26)describesthe standardapproximationthat the the decayproductsof a highly boostedú are
collinear. Eq.(4.27)assumesmissingtransverseenergy only to becomprisedof neutrinosfrom ú decays.
In general,it is not a high-handedsimplification,becausetheotherneutrinosin theeventaremuchless
energetic and the detectorerror in missingenergy is order of magnitudesmaller[3]. Using the first
two equationsit is possibleto reconstructup to two ú leptonsperevent. Theadditionalrequirementof
Eq.(4.28)allows to reconstructa third ú , althoughvery smallmeasurementerrorsareneeded.

A clearsignalextractionfrom theSM backgroundcanbeachieved usinga setof selectionrules
imposedona reconstructedeventin thefollowing order:

– S1: eventswith at leasttwo positive andtwo negative muonsor jets which have N OPN � ³A© º andÚ ¨ LU¶ GeV areselected.
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– S2: The scalarsumof transversemomentaof the two mostenergetic muonsor ú jets hasto be
largerthanacertainvalue(dependingon the ë²Þ�Þ massrangestudied).

– S3: If theinvariantmassof apair of oppositechargemuonsor ú jetsis closeto the � bosonmass
( ¹A¶¸«®±A¶ GeV), thentheparticlesareeliminatedfrom theanalysis.

– S4: as ë 9�9 areproducedin pairs,their reconstructedinvariantmasseshave to beequal(in each
event).Thecondition °A©M¹ � � Þ�Þ;=<Q;@? � � ¿�¿;B<>;@? � A©M³A© (4.29)

hasbeenused.If the invariantmassesarein this rangethenthey areincludedin thehistograms,
otherwiseit is assumedthat somemuonmay originatefrom ú decay, andit is attemptedto find
correctionsto their momentaaccordingto themethoddescribedabove.

An exampleof invariantmassdistribution afterapplyingselectionrulesis shown in Fig. 4.30for¥ ü���� ÷ ¶A°A° GeV. A tabulatedexampleis given for
¥ ü���� ÷ ³A°A° , 500 and800 GeV in Table6.1,

correspondingto a luminosity ó ÷ µA° fb ¿�À . The strengthof the S2 cut is clearly visible: almostno
decreasein signalwhile thenumberof thebackgroundeventsdescendscloseto its final minimumvalue.
A peculiarbehavior of S4— reducingthebackground,while alsoincreasingthesignalin its peak— is
theeffectof applyingthe úR	 ù ½ correctionmethoddescribedabove.
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Fig. 4.30: Distributionof invariantmassesof like-signpairsafterapplyingselectionrules(S1–S4)for scalarmass£^]�_`_
a�Ï`b/b GeV andtheSM background(L=30 fb � � ). Thehistogramin the right panelis a zoomof the left
histogramto illustratetheeffectsof theselectionrulesS2–S4.

As it is seenin Table6.1, theSM backgroundcanbepracticallyeliminated.In suchanunusual
situationthe log-likelihood ratio (LLR) statisticalmethod[127,527] hasbeenusedto determinethe¶dc discovery potential,demandinga significancelarger than ¶dc in 95%of “hypotheticalexperiments”,
generatedusingaPoissondistribution. With thiscriterion, ëfe�e up to 300GeVcanbediscoveredin the
first yearof LHC ( ó�÷U fb ¿�À ) and ëge�e up to 800GeV canbediscoveredfor theintegratedluminosityó ÷YµA° fb ¿�À . Thereforetheorigin of neutrinomasscanpossiblybedirectly testedatLHC.

6.2 The discovery potential of the Babu-Zeemodel

Thenew chargedscalarsof themodelintroducenew gaugeinvariantYukawa interactions,namely

û ÷Uçihdjlk ô�� ã ó ¨ ôhnm ó �j äÝ e � Ý ½ hdj ã ø
¨
hom øpjKäß e�e �rq ©ts.© (4.30)

Here, ó are the standardmodel (left-handed)leptondoublets, ø the charged leptonsinglets, uõî�v are
generationindicesand k	ô�� is thecompletelyantisymmetrictensor. Notethat ç is antisymmetricwhile Ý ½
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Table 4.12: Effectivenessof theselectionrulesfor thebackgroundandsignal.All eventnumbersin thetableare
normalizedfor wxaxy`b fb �K� . Thenumbersin bracketsmarkerrorsat 95%confidencelevel for Poissonstatistics.
ThesignalincreasesafterS4dueto thereconstructedz�{}| Í decays.

Process N of like-signpairs
N of ë S1 S2 S3 S4

Energy rangeA¶A°¬«®³A¶A° GeV¥ ü
=200GeV 4670 1534 1488 1465 15390 ý0~	 ºdD - 1222(168) 172(8.5) 134(6.9) 17.6(3.7)0 ý0�� - 21.3(4.0) 15.5(1.0) 6.3(1.2) 2.2(1.1)��� - 95.0(12.0) 22.5(0.7) 9.8(0.5) 1.7(0.2)

Energy rangeµA¯A¶¬«®ªA³A¶ GeV¥ ü
=500GeV 119.2 48.4 47.5 46.8 49.50 ý0~	 ºdD - 178(28) 2.1(0.9) 1.65(0.87) 0.10(0.35)0 ý0�� - 6.6(1.7) 2.3(1.0) 1.0(1.0) 0.00(0.1)��� - 9.4(2.9) 1.4(0.2) 0.68(0.19) 0.08(0.09)

Energy rangeªA°A°¸«®A°A°A° GeV¥ ü
=800GeV 11.67 5.05 5.00 4.92 5.210 ý0~	 ºdD - 77 (12) 0.00(0.22) 0.00(0.22) 0.00(0.07)0 ý0�� - 2.6(1.2) 0.39(0.4) 0.39(0.4) 0.00(0.1)��� - 2.5(0.8) 0.34(0.16) 0.17(0.09) 0.00(0.02)

is symmetric. Assigning ó?÷ ³ to Ý ¿ and ßP¿�¿ , eq. (4.30)conserves leptonnumber. Leptonnumber
violation in themodelresidesonly in thefollowing termin thescalarpotential

û ÷U«8ù:Ý e Ý e ß ¿�¿ �nq ©ts.© (4.31)

Vacuumstability argumentscanbeusedto derive anupperboundfor the leptonnumberviolating cou-
pling ù [528], namely, ù
� ã ª�� ò ä À I�� � � . Thestructureof Eq. (4.30)andEq. (4.31)generatesMajorana
neutrinomassesat thetwo-looplevel (seeref. [514] and[528] for details).

Constraintson the parameterspaceof the modelcomefrom neutrinophysicsexperimentaldata
andfrom the experimentalupperboundson leptonflavour violation (LFV) processes.Constraintson
theantisymmetriccouplings çi�i� areentirely determinedby neutrinomixing anglesanddependon the
hierarchyof the neutrinomassspectrum,which in this model can be normal or inverse. Analytical
expressions,aswell asnumericalupperandlower bounds,for theratios k ÷ ç À�� � ç ò � and k ½ ÷ ç À ò � ç ò �
werecalculatedin references[528] and[514].

Therequirementof having a largeatmosphericmixing angleindicatesthatthesymmetricYukawa
couplings Ý �i� (�õî��U÷ ù:î�ú ) must follow the hierarchy Ý !�! ' ã � � � � ! äÝ � ! ' ã � � � � ! ä ò Ý �`� . The
couplingsÝ ��� , Ý ��� and Ý � ! areconstrainedby LFV of thetype ���$	����"� ÿ ��� andhave to besmallerthan°A© º , º��PA° ¿�� and ¯��PA° ¿ ò [528]. The mostrelevant constrainton � � comefrom the LFV processesú�	 µ»ù while for � � is derived from ù�	 ø@� . Lower boundsfor both scalarmassescanbe found
(seeref. [514]), theresultsare � ��� ¯A¯A° GeV, � ��� ³A°A° GeV (normalhierarchycase)and� ��� ±A°A°
GeV (inversehierarachycase).In [528] it hasbeenestimatedthatat theLHC discovery of ß&e�e might
bepossibleup to massesof � �(�� TeV approximately. In the following it will thereforebeassumed
that � �:�  TeV and, in addition, � ��� °A©M¶ TeV. The notationBR

ã ÝAe�	 � h jg� jKäX÷ BR�Q � and

BR
ã ß e�e 	¡� h ��j äâ÷ BR�> p�£¢� will beused.Ý e decaysaregovernedby theparametersk and k ½ . Usingthe

current3c rangefor neutrinomixing angles[199] it is possibleto predict

BR�� ÷ ï °A©MAµAî.°A©M³A³»ð î BR�� ÷ ï °A©MµAAî.°A©M¶A°»ð î BR!� ÷ ï °A©MA¹Aî.°A©MµA¶»ð î (4.32)
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BR�� ÷ ï °A© ºK¹Aî.°A©M¶A°»ð î BR�� ÷ ï °A©MA¯Aî.°A©Mµ»ºAð î BR!� ÷ ï °A©MA¹Aî.°A©MµA¶»ð © (4.33)

For normalhierarchy(eq. (4.32))or inversehierarchy(eq. (4.33)).

Thedoublychargedscalardecayeitherto two same-signleptonsor to two Ý e final states.Lepton
pair final statesdecaysarecontrolledby the Ý�hdj Yukawa couplingswhile the leptonflavour violating
decayß e�e 	RÝ e Ý e is governedby the ù parameter(seeEq.(4.31)).ThehierarchyamongthecouplingsÝ �`� î.Ý � ! and Ý !"! resultin theprediction

BR� !� �dáÖâ �/�� ' ã � � � � ! ä ò î BR!"!� �dáãâ �`�� ' ã � � � � ! ä � © (4.34)

Thus,theleptonicfinal statesof ß&e�e decaysaremainly like-signmuonpairs.

Hereit is importantto remarkthat in generalthedecaysß e�e 	 ø e � e ( �â÷�ø î�ù:î�ú ) arestrongly
suppresseddue to the LVF constraintson the Ý � � parameters.However, if the Yukawa coupling Ý ���
saturatesits upperlimit thenelectronpair final statescanbepossiblyobserved.

Thebranchingratio for theprocessß&e�ex	RÝle ÝAe reads

BR
ã ß e�e 	RÝ e Ý e ä�' ù ò v

� ò � Ý ò �/� � ù ò v © (4.35)

Here v is theusualphasespacesuppressionfactor. From eq. (4.35) it canbe notedthat if theprocess
is kinematicallyallowed the leptonviolating coupling ù canbemeasuredby measuringthis branching
ratio. Here it shouldbe stressedthat for Ý �`�¯ä °A©M³ the currentlimit on BR

ã ùå	 øB�õä rules out all� � ä °A©M¶ TeV, thusthis measurementis possibleonly for Ý �`� � °A©M³ . Note that smallervaluesof ù
leadto smallerneutrinomasses,thusupperboundson thebranchingratio for BR�/�� canbe interpreted
asupperlimit on theneutrinomassin this model.Figure4.31shows theresultingbranchingratiosfor 2
valuesof Ý �/� .
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Chapter 5

Tools

F. Krauss,F. Moortgat,G. Polesello

1 Intr oduction

In thefollowing, contributionshighlighting thetreatmentof flavour aspectsin publicly availablecalcu-
lational tools usedin New Physicsstudiesat colliderswill be listed. Suchtools cover a wide rangeof
applications;roughlyspeakingthereareawide varietyof computerprogramsdiscussedhere:

– Analytical precisioncalculations:
There,theresultsof analyticalprecisioncalculationsfor specificobservables,oftenat loop level,
arecodedandthusmadeavailable for the public. Theseobservablesusuallyaresetsof single
numbers,suchascrosssections,decaywidths,brancingratiosetc.,calculatedfor a specificpoint
in the respective modelsparameterspace.Examplesfor suchtools coveredhereareHDECAY,
SDECAY, FCHDECAY andFEYNHIGGS.

– Toolshelpingin or performing(mostly)analyticalcalculations:
Thebest-known examplefor sucha tool, thecombinatinof FEYNARTS andFORMCALC andits
treatmentof flavour aspectsis discussedhere. In principle, FEYNARTS allows for a automated
constructionof Feynmandiagrams,includinghigher-ordereffects,andthecorrespondingampli-
tude.FORMCALC canthenbeusedto evaluatetheloop integralsin asemi-automatedfashion.

– RGEcodes:
There, the renormalisationgroup equationis solved numerically in order to obtain from high-
energy inputstheSUSYparametersat lower, physicalscales.Theseparametersusuallyarecou-
pling constants,particlemassesandwidths andmixing matrices.For this purpose,a numberof
codesexist, hereSPHENO andSUSPECT arepresented.It shouldbenotedthatmany of theseRGE
codesalsoembedanumberof relevantcrosssections,branchingratiosetc..

– Matrix elementgenerators/Partonlevel generators:
Thesecodescalculate,in a automatedfashion,crosssectionsfor multi-leg tree-level processes.
Usually, they are capableof generatingweightedor unweightedeventsat the partonlevel, i.e.
without showering or hadronisation.This taskis usuallyleft for otherprograms,the neccessary
informationis passedby somestandardisedinterfaceformat[529]. Examplesfor this typeof code
includeCALCHEP andHVYN.

– Full-fledgedeventgenerators:
Theseprogramsprovidefully showeredandhadronisedevents.PrimaryexamplesincludePYTHIA,
HERWIG, andSHERPA.

In additioninterfacesarenecessaryto transferdatabetweenthevariousprogramsaswill bediscussedin
thenext section.

2 A Brief Summary of The SUSYLesHouchesAccord 2

Thestatesandcouplingsappearingin thegeneralminimalsupersymmetricstandardmodel(MSSM)can
be definedin a numberof ways. Indeed,it is often advantageousto usedifferentchoicesfor different
applicationsandhenceno uniquesetof conventionsprevails at present.In principle,this is not a prob-
lem; translationsbetweendifferentconventionscanusuallybecarriedout without ambiguity. Fromthe
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point of view of practicalapplication,however, suchtranslationsare,at best,tedious,andat worst they
introduceanunnecessarypossibilityfor error.

To dealwith this problem,andto createa moretransparentsituationfor non-experts,the origi-
nal SUSY Les HouchesAccord (SLHA1) wasproposed[530]. This accorduniquelydefinesa setof
conventionsfor supersymmetricmodelstogetherwith a commoninterfacebetweencodes. However,
SLHA1 was designedexclusively with the MSSM with real parametersandR-parity conservation in
mind. Somerecentpublic codes[319,336,531–537] areeither implementingextensionsto this base
modelor areanticipatingsuchextensions.We thereforeherepresentextensionsof theSLHA1 relevant
for R-parityviolation ( æfçéè ), flavourviolation,andCP-violation(CPV) in theminimal supersymmetric
standardmodel(MSSM).Wealsoconsidernext-to-minimalmodelswhichweshallcollectively labelby
theacronym NMSSM.SincetheSLHA2 agreementshave not yet beenpublished,this summaryshould
be regardedaspreliminary. It is alsonecessarilyvagueon a few pointswhich have not beendefinitely
settledyet.

For simplicity, we still limit thescopeof theSLHA2 in two regards:for theMSSM, we restrict
our attentionto eitherCPV or æfç�è , but not both. For theNMSSM,we defineonecatch-allmodeland
extendtheSLHA1 mixing only to includethe new states,with CP, R-parity, andflavour still assumed
conserved. For brevity, this reportdoesnot includea discussionof the super-PMNS basisfor lepton
flavour violation

The conventionsdescribedherearea supersetof thoseof the original SLHA1, unlessexplicitly
statedotherwise.We useASCII text for input andoutput,all dimensionfulparametersaretaken to be
in appropriatepowersof GeV, andtheoutputformatsfor SLHA2 dataê�ë�ì�2�í s follow thoseof SLHA1.
All anglesarein radians.In a few casesit hasbeennecessaryto replacetheoriginal conventions.This
is clearly remarked uponin all placeswhereit occurs,andtheSLHA2 conventionsthensupersedethe
SLHA1 ones.

2.1 The SLHA2 Conventions

2.1.1 Flavour Violation

TheCKM basisis definedto betheonein which thequarkmassmatrix is diagonal.In thesuper-CKM
basis[170] thesquarksarerotatedby exactly thesameamountastheir respective quarksuperpartners,
regardlessof whetherthis makesthem(that is, thesquarks)diagonalor not. Misalignmentbetweenthe
quarkandsquarksectorsthusresultsin flavouroff-diagonaltermsremainingin thesquarksector.

In thisbasis,the ªÙè'ª squarkmassmatricesaredefinedas
ûïîMð@ñ�ñòó ÷ «qëfôõ÷ö ò òõ ë õ «®ë ô� ö ò ò� ëo� î (5.1)

where ë õ ÷ ã/øù å�î øú åõî ø0Nå�î øùAû î øú�û î ø0 û ä ¨ and ëo�p÷ ã øü å�î øý å�î ø 8Nåõî øü û î øýpû î ø 8 û ä ¨ . We diagonalisethesquark
massmatricesvia ª è´ª unitary matrices

â õ C � , suchthat
â õ C � ö ò òõ C ò� â ôõ C � arediagonalmatriceswith

increasingmasssquaredvalues.Were-definetheexistingPDGcodesfor squarksto enumeratethemass
eigenstatesin ascendingorder:ã øü À î

øü ò î
øü � î
øü � î
øü � î
øü/þ ä = ÿ����������������	������������
����������������������������������������������
����������������� ,ã�øù À î øù ò î øù � î øù � î

øù � î øù þ ä = ÿ������������������������������������������������������������������������������������������������ .
Theflavour violating parametersof themodelarespecifiedin termsof theCKM matrix together

with five µ èHµ matricesof softSUSY-breakingparametersgivenin thesuper-CKM basis
�� ò ò� î �� ò òõ î �� ò ò� î ���� î ���� © (5.2)

Analogousrotationsanddefinitionsareusedfor the leptonflavour violating parameters,in this
caseusingthesuper-PMNSbasis.Thiswill befurtherelaboratedon in thejournalversionof this report.
Below, wereferto thecombinedbasisasthesuper-CKM/PMNS basis.
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2.1.2 R-parity Violation

Wewrite theR-parityviolatingsuperpotentialas

¼������ ÷ k � � ³
� ô�� � ó �ô ó �� ý! � � � ½ ô�� � ó �ô#" � �� ý$ � � « �% ô ó �ô'& �ò

� ³
� ½ ½ô�� � k �i�)( ýá ô�� ý$ �� ý$ � ( î (5.3)

where� î�� î+* ÷?Aî.©.©.©�î.µ arefundamentalSU(3), indicesand k �i�-( is thetotally antisymmetrictensorin
3 dimensionswith k À ò � ÷ �  . In eq.(5.3),

� ô�� �Ñî � ½ ô�� � and
�% ô breakleptonnumber, whereas

� ½ ½ô�� � violate
baryonnumber. As in theprevioussection,all quantitiesaregivenin thesuper-CKM/super-PMNSbasis.
Note,thatin theR-parityviolatingcase,thePMNSis anoutputonceleptonnumberis violated.

Thetrilinear R-parityviolating termsin thesoftSUSY-breakingpotentialare

. � C �/��� ÷ k � � ³
ã �� ä ô�� � øó �ô å øó ���å øø10� û � ã �� ½ ä ô�� � øó �ô å ø" ��	å øü 0� û

�  ³
ã �� ½ ½ ä ô�� ��k �i�-( øù � 0ô û øü � 0� û øü ( 0� û �rq ©ts.© © (5.4)

Notethatwedo not factorout the
� 

couplings(e.g.asin
�� ô�� � � � ô�� �325476 C ô�� � ).

Whenleptonnumberis broken,additionalbilinearsoftSUSY-breakingpotentialtermscanappear,. ò C ����� ÷U« k � �
�$ ô øó �ô å & �ò �

øó ôô���å �� ò òå H98 < &
�À �rq ©ts.© î (5.5)

andthesneutrinosmayacquirevacuumexpectationvalues(VEVs) : ø� � C � C ! ; 2 � � C � C ! �=< ³ . TheSLHA1

definedthetree-level VEV � to beequalto ³��?> � @ ò � @ ½ ò ìU³»ºKª GeV; this is now generalisedto

� ÷ � ò À � � òò � � òA � � ò� � � ò! © (5.6)

For B�CED v we maintaintheSLHA1 definition, B�CED v ÷ � ò � � À .
TheLagrangiancontainsthe(symmetric)neutrino/neutralinomassmatrixas

û~î÷ð@ñ�ñòF�G ÷Y« ³
øH � ¨ ö òI G øH � �rq ©ts.© î (5.7)

in thebasisof 2–componentspinors
øH � ÷ ã � � î � � î � ! î.«8ö

ø 8»î.«#ö øJ � î øÝ À î
øÝ ò ä
¨

. Wedefinetheunitary ¯ èH¯
neutrino/neutralinomixing matrix Ö (block K�L�M�N�O�P ), suchthat:

« ³
øH � ¨ ö òI G øH � ÷U« ³

øH � ¨ Ö ¨òF�GRQ ÖS0
ö òI G Ö ô

TEU ðRVXWZY\[] G�^
Ö øH �òF�G î (5.8)

wherethe7 (2–component)neutralleptons
ø_ � aredefinedstrictly mass-ordered,i.e.with the1̀ba ,2c � ,3d �

lightestcorrespondingto themassentriesfor thePDGcodes��� , ��� , and ��� , andthefour heaviest to the
PDGcodes������������� , ������������
 , ������������ , ����������
� .

Charginosandchargedleptonsmayalsomix in thecaseof ó -violation. TheLagrangiancontains

û îMð@ñ>ñòF � ÷U« ³
øH ¿ ¨ ö òI � øH e �nq ©ts.©Ñî (5.9)

in thebasisof 2–componentspinors
øH e3÷ ã ø`e î�ù�eõî�ú e î.«8ö øJ e î øÝ eò ä

¨
,
øH ¿ ÷ ã ø�¿ î�ù%¿õî�ú�¿õî.«8ö øJ ¿ î øÝ ¿À ä

¨
where

øJ 9 ÷ ã1øJ À�e øJ ò ä �=< ³ . Wedefinetheunitary ¶¬èp¶ chargedfermionmixing matrices
á î . , blocksK�L�f�N�O�P���K�L�L�N�O�P , suchthat:

« ³
øH ¿ ¨ ö òI � øH e ÷U« ³

øH ¿ ¨ á ¨òF/ghQ
á 0 ö òI � . ô
TiU ðRV1W9Y\[] � ^

. øH eòF � î (5.10)
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wherethe generalisedcharged leptons
ø_ e aredefinedasstrictly massordered,i.e. with the 3 lightest

statescorrespondingto the PDG codes ��� , ��
 , and �� , and the two heaviest to the codes ������������� ,����������
�j . For historicalreasons,codes��� , ��
 , and �� pertainto thenegatively chargedfield while codes������������� and ����������
�j pertainto theoppositecharge.Thecomponentsof
ø_ e in “PDG notation”would

thusbe ÿRk������lk���
��Rk��������������������������������
�j�� . In the limit of CPconservation,
á

and
.

arechosento
bereal.

R-parityviolation via leptonnumberviolation impliesthatthesneutrinoscanmix with theHiggs
bosons.In thelimit of CPconservationtheCP-even(-odd)Higgsbosonsmix with real(imaginary)parts
of thesneutrinos.Wewrite theneutralscalarsas m � 2 < ³#n ã & �À î & �ò î

ø� � î ø� � î ø� ! ä
¨

, with themassterm

û ÷U« ³ m �
¨
ö ò o G m � î (5.11)

whereö ò o G is a ¶�è3¶ symmetricmassmatrix. We definetheorthogonal¶ è3¶ mixing matrix p (blockK�L�6�N�O�P ) by «qm � ¨ ö ò o G m � ÷Y«	m � ¨ p ¨ü GRQ p ö ò o G p ¨
TiU ðRV1W9Y ?r G ^

psm �ü G î (5.12)

whereë�� aretheneutralscalarmasseigenstatesin strictly increasingmassorderThestatesarenumbered
sequentiallyby thePDGcodes ÿl����l
�������������������������������������+������������� , regardlessof flavourcontent.

Wewrite theneutralpseudoscalarsas ým � 2 < ³#t ã & �À î & �ò î
ø� � î ø� � î ø� ! ä

¨
, with themassterm

û ÷U« ³ ým �
¨ ö ò uo G ým � î (5.13)

whereö ò uo G is a ¶Ùè'¶ symmetricmassmatrix. Wedefinethe º èH¶ mixing matrix ýp (block K�L�v�N�O�P ) by

« ým � ¨ ö ò uo G ým � ÷Y« ým � ¨ ýp ¨uü GRQ ýp
ö ò uo G ýp ¨
TiU ðRV1W9Y ? wr G ^

ýp ým �uü G î (5.14)

where ýëo� are the pseudoscalarmasseigenstatesin increasingmassorder. The statesare numbered
sequentiallyby thePDGcodesÿR
�����������������j��	������������x���������������y�� , regardlessof flavourcomposition.
The Goldstoneboson z � hasbeenexplicitly left out and the 4 rows of ýp form a set of orthonormal
vectors.

If theblocks K�L�6�N�O�P���K�L�v�N�O�P arepresent,they supersedetheSLHA1 v�ë�)�6�v variable/block.

ThechargedsleptonsandchargedHiggsbosonsalsomix in the ¹$è ¹ masssquaredmatrix ö ò o F ,
whichwe diagonaliseby a ¯ èH¹ matrix m (block K�L�ë�N�O�P ):

û ÷U« ã & ¿À 0 î & eò î
øø 0å H î øø 0û�{ ä m ôü�� m ö ò o F m ôTiU ðRV1WZ| ?r F ^

m
& ¿À& eò 0øø�å�}øø û�~

î (5.15)

where ö�î���î.ß�îi�����AAî.³Aî.µ=� , u�î�v����AAî+�+�+��î+�=� and ëfe ÷ ë²¿ ô are the charged scalarmasseigen-
statesarrangedin increasingmassorder. Thesestatesare numberedsequentiallyby the PDG codesÿR
�j�������������������������������
����������'����������������������R������������
��l�������������� , regardlessof flavourcomposition.
TheGoldstonebosonz ¿ hasbeenexplicitly left outandthe7 rowsof m form asetof orthonormalvec-
tors.
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2.1.3 CP Violation

When CP symmetryis broken, quantumcorrectionscausemixing betweenthe CP-even and CP-odd
Higgsstates.Writing theneutralscalarinteractioneigenstatesas m � 2 < ³ ã n & �À î�n & �ò î�t & �À î�t & �ò ä��
we definethe µ è�º mixing matrix

à
(block 2�L�6�N�O�P ) by

«qm � � ö ò o G m � ÷U«	m � � à �ü GlQ
à 0 ö ò o G à ô
TiU ðRV1WZY ?r G ^

à m �ü G î (5.16)

where ë � 2 ã Ý � À î.Ý �ò î.Ý �� ä�� arethe masseigenstatesarrangedin ascendingmassorder; thesestatesare
numberedsequentiallyby thePDGcodesÿR����l
���l
���� , regardlessof flavourcomposition.

For theneutralinoandchargino mixing matrices,thedefault conventionin SLHA1 is thatthey be
real matrices.Oneor moremasseigenvaluesmay thenhave an apparentnegative sign, which canbe
removedby aphasetransformationon

ø_ ô asexplainedin SLHA1 [530]. Whengoingto CPV, thereason
for introducingthenegative-massconventionin thefirst place,namelymaintainingthemixing matrices
strictly real,disappears.We thereforeheretakeall massesrealandpositive,with Ö ,

á
, and

.
complex.

This doesleadto a nominaldissimilarity with SLHA1 in the limit of vanishingCP violation, but we
notethat theexplicit CPV switchin N�ì�������ë canbeusedto decideunambiguouslywhich conventionto
follow.

For theremainingMSSMparameterswe usestraightforwardgeneralisationsto thecomplex case,
seesection2.2.4.

2.1.4 NMSSM

We shall heredefinethe next-to-minimal caseas having exactly the field contentof the MSSM with
the additionof onegaugesingletchiral superfield.As to couplingsandparameterisations,ratherthan
adoptingaparticularchoice,or treatingeachspecialcaseseparately, below wechooseinsteadto work at
themostgenerallevel. Any particularspecialcasecanthenbeobtainedby settingdifferentcombinations
of couplingsto zero.However, we do specialiseto theSLHA1-like casewithout CPviolation, R-parity
violation, or flavour violation. Below, we shall usetheacronym NMSSM for this classof models,but
we emphasisethatwe understandit to relateto field contentonly, andnot to thepresenceor absenceof
specificcouplings.

In additionto theMSSM terms,themostgeneralCP conservingNMSSM superpotentialis (ex-
tendingthenotationof SLHA1):

¼��7� × × � ÷U¼?� × × � «�k � �  à & �À & �ò �  µ %
à � � ù ½ à ò �S��� à î (5.17)

where ¼ � × × � is the MSSM superpotential,in the conventionsof ref. [530, eq. (3)]. A non-zero
 

in combinationwith a VEV : à ; of the singletgeneratesa contribution to the effective ù term ù A�� ÷ : à ; � ù , wherethe MSSM ù term is normally assumedto be zero, yielding ù A�� ÷  : à ; . The
remainingtermsrepresentageneralcubicpotentialfor thesinglet; % is dimensionless,ù ½ hasdimension
of mass,and��� hasdimensionof masssquared.ThesoftSUSY-breakingtermsrelevantto theNMSSM
are

. ñ��R��� ÷ . ò C � × × � � . � C � × × � � � ò � N à N ò � ã « k � �  476 à & �À & �ò �  µ % 47�
à � � á ½ ù ½ à ò �S� × à �rq �ts+�Mäõî(5.18)

where
. ô C � ×Ñ× � aretheMSSMsoft terms,in theconventionsof ref. [530,eqs.(5) and(7)].

At treelevel, therearethus15 parameters(in additionto �?> which fixesthesumof thesquared
HiggsVEVs) thatarerelevantfor theHiggssector:

B�CED&v%î�ù:î�� ò 8 < îé� ò 8 ? îé� ò� î  î % î�476�î 47��î�ù ½ î á ½ î � �%î � × î  :
à ; îé� ò × � (5.19)
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Theminimisationof theeffective potentialimposes3 conditionson theseparameters,suchthatonly 12
of themcanbeconsideredindependent.For thetime being,we leave it up to eachspectrumcalculator
to decideonwhichcombinationsto accept.For thepurposeof thisaccord,wenoteonly thatto specifya
generalmodelexactly 12 parametersfrom eq.(5.19)shouldbeprovided in theinput, includingexplicit
zeroesfor parametersdesired“switchedoff ”. However, since ù<÷�� ò� ÷ ù ½ ÷ á ½ ÷ � � ÷ � × ÷ °
in the majority of phenomenologicalconstructions,for conveniencewe alsoallow for a six-parameter
specificationin termsof thereducedparameterlist:

B�CED&vÕî � ò 8 < îé� ò 8 ? î  î % î�4 6�î74 ��î  : à
; î � ò × � (5.20)

To summarise,in additionto � > , theinput to theaccordshouldcontaineither12parametersfrom
thelist givenin eq.(5.19),includingzeroesfor parametersnotpresentin thedesiredmodel,or it should
contain6 parametersfrom thelist in eq.(5.20),in whichcasetheremaining6 “non-standard”parameters,ù , � ò� , ù ½ , á ½ , � � , and � � , will be assumedto be zero; in both casesthe3 unspecifiedparameters(as,
e.g.,� ò 8 < , � ò 8 ? , and� ò × ) areassumedto bedeterminedby theminimisationof theeffective potential.

The CP-even neutralscalarinteractioneigenstatesare m � 2 < ³#n ã & �À î & �ò î
à ä�� . We definethe

orthogonalµ èÎµ mixing matrix
à

(block M�N�6�N�O�P ) by

«qm � � ö ò o G m � ÷U«	m � � à �ü GlQ
à ö ò o G à �
TiU ðRV1WZY ?r G ^

à m �ü G î (5.21)

where ë � 2 ã Ý � À î.Ý �ò î.Ý �� ä arethemasseigenstatesorderedin mass.Thesestatesarenumberedsequen-
tially by the PDG codes ÿR����l
���l���� . The format of ê�ë�ì�2�í5M�N�6�N�O�P is the sameas for the mixing
matricesin SLHA1.

The CP-oddsectorinteractioneigenstatesare ým��¡2 < ³'t ã & �À î & �ò î
à ä � . We definethe ³ è µ

mixing matrix ¢ (block M�N�v�N�O�P ) by

«'ým � � ö ò uo G ým � ÷U«?ým � � ¢ �uü GRQ ¢ ö ò uo G ¢ �
TEU ðRV£WZY ? wr G ^

¢'ým �uü G î (5.22)

where ýë��q2 ã 4�� À î+4P�ò ä arethemasseigenstatesorderedin mass.Thesestatesarenumberedsequentially
by thePDGcodes ÿR
����l����� . TheGoldstonebosonz � hasbeenexplicitly left out andthe2 rows of ¢
form a setof orthonormalvectors.

If M�N�6�N�O�P���M�N�v�N�O�P blocksarepresent,they supersedetheSLHA1 v�ë�)�6�v variable/block.

TheLagrangiancontainsthe(symmetric)¶ èH¶ neutralinomassmatrixas

û~î÷ð@ñ�ñòF G ÷Y« ³
øH � � ö òI G øH � �rq �ts+� î (5.23)

in thebasisof 2–componentspinors
øH � ÷ ã «8ö ø 8.î�«8ö øJ � î øÝ À î

øÝ ò î øý ä�� . Wedefinetheunitary ¶�è¸¶ neutralino
mixing matrix Ö (block M�N�M�N�O�P ), suchthat:

« ³
øH � � ö òI G øH � ÷U« ³

øH � � Ö �òF�GRQ Ö 0
ö òI G Örô

TEU ðRVXWZY\[] G�^
Ö øH �òF G î (5.24)

wherethe 5 (2–component)neutralinos
ø_ ô aredefinedsuchthat the absolutevalueof their massesin-

creasewith ö , cf. SLHA1[530]. Thesestatesarenumberedsequentiallyby thePDGcodesÿ�����������������������������
��������������'������ .
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2.2 Explicit Proposalsfor SLHA2

As in theSLHA1 [530], for all runningparametersin theoutputof thespectrumfile, we proposeto use
definitionsin themodifieddimensionalreduction( ¤°æ ) scheme.

To definethe generalpropertiesof the model, we proposeto introduceglobal switchesin the
SLHA1 modeldefinitionblock N�ì�������ë , asfollows. Note that theswitchesdefinedherearein addition
to theonesin [530].

2.2.1 Model Selection

ê�ë�ì�2�í¥N�ì�������ë
Switchesandoptionsfor modelselection.Theentriesin this block shouldconsistof anindex, identify-
ing theparticularswitchin thelisting below, followedby anotherintegeror realnumber, specifyingthe
optionor valuechosen:


 : (Default=� ) Choiceof particlecontent.Switchesdefinedare:� : MSSM.This correspondsto SLHA1.

� : NMSSM.As definedhere.

� : (Default=� ) R-parityviolation. Switchesdefinedare:� : R-parityconserved.Thiscorrespondsto theSLHA1.

� : R-parityviolated.

 : (Default=� ) CPviolation. Switchesdefinedare:� : CPis conserved. No informationevenon theCKM phaseis used.This
correspondsto theSLHA1.� : CP is violated,but only by thestandardCKM phase.All otherphases
assumedzero.� : CPis violated.CompletelygeneralCPphasesallowed.

� : (Default=� ) Flavour violation. Switchesdefinedare:� : No (SUSY)flavourviolation. Thiscorrespondsto theSLHA1.

� : Quarkflavour is violated.

� : Leptonflavour is violated.


 : Leptonandquarkflavour is violated.

2.2.2 Flavour Violation

– All input SUSYparametersaregivenat thescale¦ U¨§E©iª � asdefinedin theSLHA1 block ��P�«�)�v�K ,
except for ��P�«�)�v�K¥��� , which, if present,is the pole pseudoscalarHiggs mass. If no ¦ U¨§i©Eª � is
present,theGUT scaleis used.

– For theSM inputparameters,wetake theParticleDataGroup(PDG)definition: leptonmassesare
all on-shell.The light quarkmasses� õ C � C ` aregivenat 2 GeV in the ¬® scheme,andtheheavy

quarkmassesaregiven as � ÿ ã � ÿ ä ¯ � , � � ã � �9ä ¯ � and � � § ¿ ñ±° A�²¨²a . The latter two quantitiesare
alreadyin theSLHA1. Theothersareaddedto ��N�O�M�)�f�«�� in thefollowing manner:

x : � �+³ , polemass.

��� : � A , polemass.
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��� : � � < , polemass.

��
 : � � , polemass.

��� : � � ? , polemass.

��� : � � ã ³µ´�¶iè ä ¯ � . ü quarkrunningmassin the ¬� scheme.

��� : � õ ã ³·´�¶iè ä ¯ � . ù quarkrunningmassin the ¬� scheme.

��
 : � ` ã ³·´�¶iè ä ¯ � . ý quarkrunningmassin the ¬® scheme.

��� : � ÿ ã � ÿ ä ¯ � . ú quarkrunningmassin the ¬® scheme.

TheFORTRAN formatis thesameasthatof ��N�O�M�)�f�«�� in SLHA1 [530].

–
.�¸£¹ ¯ : theinput CKM matrix, in theblock L�2�í�N�O�M in termsof theWolfensteinparameterisation:

� :
 

� : 4

 : ýº
� : ýO

TheFORTRAN formatis thesameasthatof ��N�O�M�)�f�«�� above.

–
á � ¯¼» � : theinput PMNSmatrix, in theblock f�)�N�M���O�M . It shouldhave thePDGparameterisation
in termsof rotationangles[338] (all in radians):

� : ý½ À ò (thesolarangle)

� : ý½ ò � (theatmosphericmixing angle)


 : ý½ À�� (currentlyonly hasanupperbound)

� : ý¾ À�� (theDirac CP-violatingphase)

 : u À (thefirst MajoranaCP-violatingphase)

� : u ò (thesecondCP-violatingMajoranaphase)

TheFORTRAN formatis thesameasthatof ��N�O�M�)�f�«�� above.

–
ã �� ò ò� ä ¿ �ô�� ,

ã �� ò òõ ä ¿ �ô�� ,
ã �� ò ò� ä ¿ �ô�� ,

ã �� ò òå ä ¿ �ô�� ,
ã �� ò ò� ä ¿ �ô�� : thesquarkandsleptonsoftSUSY-breakingmasses

at theinputscalein thesuper-CKM/PMNS basis,asdefinedabove. They will begivenin thenew
blocks N���À���O�M , N���f���O�M , N�������O�M , N���ë���O�M , N�������O�M , with thesameformatasmatricesin SLHA1.
Only the“uppertriangle” of thesematricesshouldbegiven. If diagonalentriesarepresent,these
supersedetheparametersin theSLHA1 block ��P�«�)�v�K .

–
ã ���� ä ¿ �ô�� ,

ã ���� ä ¿ �ô�� , and
ã ���Á ä ¿ �ô�� : thesquarkandsleptonsoft SUSY-breakingtrilinear couplingsat

theinput scalein thesuper-CKM/PMNS basis.They will begivenin thenew blocks «�f�O�M , «���O�M ,«���O�M , in thesameformatasmatricesin SLHA1. If diagonalentriesarepresentthesesupersede
the 4 parametersspecifiedin theSLHA1 block ��P�«�)�v�K [530].

For theoutput,thepolemassesaregivenin block N�v���� asin SLHA1, andthe ¤�æ andmixing parameters
asfollows:

–
ã �� ò ò� ä ¿ �ô�� ,

ã �� ò òõ ä ¿ �ô�� ,
ã �� ò ò� ä ¿ �ô�� ,

ã �� ò òå ä ¿ �ô�� ,
ã �� ò ò� ä ¿ �ô�� : thesquarkandsleptonsoftSUSY-breakingmasses

at scale " in thesuper-CKM/PMNS basis.Will be given in thenew blocks N���À��5À�Â�Ã�Ã�Ã , N���f��À�Â�Ã�Ã�Ã , N������¥À�Â�Ã�Ã�Ã , N���ë��5À�Â�Ã�Ã�Ã , N������5À�Â�Ã�Ã�Ã , with formatsasthecorrespondinginputblocksN���P���O�M above.

–
ã ���� ä ¿ �ô�� ,

ã ���� ä ¿ �ô�� , and
ã ���Á ä ¿ �ô�� : ThesquarkandsleptonsoftSUSY-breakingtrilinearcouplingsin
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thesuper-CKM/PMNS basis.Given in thenew blocks «�f5À�Â�Ã�Ã�Ã , «��5À�Â�Ã�Ã�Ã , «��5À�Â�Ã�Ã�Ã , which
supersedetheSLHA1 blocks v�� , v�f , and v�� , see[530].

–
ã �� � ä ¿ �ô ô ,

ã �� � ä ¿ �ô ô ,
ã �� Á ä ¿ �ô ô : thediagonal¤�æ Yukawasin thesuper-CKM/PMNSbasis,at thescale

" . Givenin theSLHA1 blocks Ä�f5À�Â�Ã�Ã�Ã , Ä��5À�Â�Ã�Ã�Ã , Ä��ÅÀ�Â�Ã�Ã�Ã , see[530]. Notethatalthough
theSLHA1 blocksprovide for off-diagonalelements,only thediagonaloneswill berelevanthere,
dueto theCKM rotation.

– The ¤�æ CKM matrixat thescale" . Will begivenin thenew block(s) L�2�í�N5À�Â�Ã�Ã�Ã , with entries
definedasfor theinputblock L�2�í�N�O�M above.

– The new blocks
â õ ÷Æf���À�N�O�P â ��÷Æ����À�N�O�P ,

â � ÷Æ����ë�N�O�P , and
â � ÷Ç��M�f�N�O�P connectthe par-

ticle codes(=mass-orderedbasis)with the super-CKM/PMNS basisaccordingto the following
definitions:

A°A°A°A°A°AA°A°A°A°A°AµA°A°A°A°A°A¶³A°A°A°A°A°A³A°A°A°A°A°Aµ³A°A°A°A°A°A¶
÷

øü Àøü òøü �øü �øü �øü þ îMð@ñ�ñ ¿ �RÈ T A È A T
÷É����À�N�O�P ô��

øü åøý åø 8Nåøü ûøý�ûø 8 û ñ ªi© A È ¿ ¸£¹ ¯

î (5.25)

A°A°A°A°A°A³A°A°A°A°A°»ºA°A°A°A°A°=�³A°A°A°A°A°A³³A°A°A°A°A°»º³A°A°A°A°A°=�
÷

øù Àøù òøù �øù �øù �øù þ îMð@ñ�ñ ¿ �RÈ T A È A T
÷Éf���À�N�O�P ô��

øù åøú åø0åøùAûøú ûø0 û ñ ªi© A È ¿ ¸£¹ ¯

� (5.26)

A°A°A°A°AAA°A°A°A°AAµA°A°A°A°AA¶³A°A°A°A°AA³A°A°A°A°AAµ³A°A°A°A°AA¶
÷

øø Àøø òøø �øø �øø �øø þ î÷ð@ñ�ñ ¿ �RÈ T A È A T
÷Ê����ë�N�O�P ô��

øø åøù�åøú åøø ûøù ûøú û ñ ªi© A È ¿ � ¯¼» �
î (5.27)

A°A°A°A°AA³A°A°A°A°A»ºA°A°A°A°A=� ÷
ø� Àø� òø� � îMð@ñ>ñ ¿ �RÈ T A È A T

÷É��M�f�N�O�P ô��
ø� �ø� �ø� ! ñ ªi© A È ¿ � ¯¼» �

� (5.28)

Note! A potentialfor inconsistency arisesif themassesandmixingsarenotcalculatedin thesame
way, e.g.if radiatively correctedmassesareusedwith tree-level mixing matrices.In this case,it
is possiblethat theradiative correctionsto themassesshift themassorderingrelative to thetree-
level. This is especiallyrelevantwhennear-degeneratemassesoccurin thespectrumand/orwhen
the radiative correctionsare large. In thesecases,explicit caremustbe taken especiallyby the
programwriting thespectrum,but alsoby theonereadingit, to properlyarrangetherows in the
orderof themassspectrumactuallyused.

2.2.3 R-Parity Violation

Thenamingconventionfor inputblocksis ê�ë�ì�2�í5K�L�Ë�O�M , wherethe’ Ë ’ characterrepresentsthenameof
therelevantoutputblock givenbelow. Default inputsfor all R-parityviolating couplingsarezero. The
inputsaregivenatscale¦ U¨§E©iª � , asdescribedin SLHA1 (default is theGUT scale)andfollow theoutput
format given below (with theomissionof À�ÂÌÃ�Ã�Ã ). In addition,the known fermion massesshouldbe
givenin ��N�O�M�Í�f�«�� asdefinedabove.
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Input block Outputblock data
K�L�ë�v�N�ë�ë���O�M K�L�ë�v�N�ë�ë�� ÎÏ�ÑÐ � �ÒÔÓ �
K�L�ë�v�N�ë�À���O�M K�L�ë�v�N�ë�À�� ÎÏ�ÑÐ � �ÕÒÔÓ �K�L�ë�v�N�f�����O�M K�L�ë�v�N�f���� ÎÏ�ÑÐ � Õ ÕÒÔÓ �K�L�«�ë�ë���O�M K�L�«�ë�ë�� ÎÏ�ÑÐ �� ÒÔÓ �
K�L�«�ë�À���O�M K�L�«�ë�À�� ÎÏ�ÑÐ �� ÕÒÔÓ �K�L�«�f�����O�M K�L�«�f���� ÎÏ�ÑÐ �� Õ ÕÒÔÓ �
NB: Oneof thefollowing K�L�Ã�Ã�Ã�O�M blocksmustbeleft out:

(whichoneup to userandRGEcode)K�L�í�v�Í�Í�v�O�M K�L�í�v�Í�Í�v Î �% Ò
K�L���O�M K�L�� Î �$ Ò
K�L���M�L���L�O�M K�L���M�L���L ÎÏÖ ÒK�L�N���ë�×���O�M K�L�N���ë�×�� Î �Ø�Ù òÚ�Û 8ÝÜ

Table 5.1: Summaryof R-parity violating SLHA2 datablocks. Only 3 out of the last4 blocksareindependent.
Whichblock to leaveoutof theinput is in principleup to theuser, with thecaveatthatagivenspectrumcalculator
maynot acceptall combinations.

– The dimensionlesscouplings
� �ÒÞÓbß

,
� Õ ÒÞÓbß

, and
� Õ ÕÒÞÓbß

aregiven in à�á�â�ã�ä5K�L�á�v�N�á�á�����K�L�á�v�N�á�À����K�L�á�v�N�f����åÀ�ÂÌÃ�Ã�Ã respectively. Theoutputstandardshouldcorrespondto theFORTRAN formatæ)ç)èêé)ë-ìêé)ç)èêé-ë)ìêé)ç)èíé)ë-ìêéïî£èêéðç)ñíé�ò�ç-óêôïõêé�ö£ñíé�î£èsé£÷�øí÷Xé-ç)èsé�ù�ú�ô
wherethe first threeintegers in the format correspondto Î , û , and Ð and the doubleprecision
numberis thecoupling.

– ThesoftSUSY-breakingcouplings üý ÒÞÓ�ß , üý ÕÒÞÓbß , and üý Õ ÕÒÞÓ�ß shouldbegivenin à�á�â�ã�ä5þ�ÿ���á�á�����þ�ÿ���á������
þ�ÿ��������	��
������ , in thesameformatasthe ü couplingsabove.

– The bilinear superpotentialandsoft SUSY-breakingterms ü� Ò , ü� Ò , and üØ�Ù �Ú�Û�� Ü andthe sneutrino
VEVs aregiven in à�á�â�ã�ä5þ�ÿ�ä���Í�Í�����þ�ÿ����?þ�ÿ�����á�×�����þ�ÿ�����ÿ���ÿ	��
������ respectively, in the
sameformatasreal-valuedvectorsin theSLHA1.

– Theinput/outputblocksfor R-parityviolatingcouplingsaresummarisedin Tab. 5.1.

– Thenew mixing matricesthatappeararedescribedin section2.1.2.

As for the R-conservingMSSM, the bilinear terms(both SUSY-breakingandSUSY-respectingones,
including � ) andthe VEVs arenot independentparameters.They becomerelatedby the conditionof
electroweaksymmetrybreaking.This carriesover to the � ��! case,wherenot all theparametersin the
input blocks þ�ÿ������#"$� in Tab. 5.1 canbegivensimultaneously. Specifically, of the last4 blocksonly 3
areindependent.Oneblock is determinedby minimisingtheHiggs-sneutrinopotential.We do not here
insistona particularchoicefor whichof þ�ÿ�ä���Í�Í���"$� , þ�ÿ���"#� , þ�ÿ�����ÿ���ÿ�"$� , and þ�ÿ�����á�×���"#� to leave out,
but leave it up to thespectrumcalculatorsto acceptoneor morecombinations.

2.2.4 CP Violation

WhenaddingCPviolation to theMSSM modelparametersandmixing matrices,theSLHA1 blocksare
understoodto containtherealpartsof therelevantparameters.Theimaginarypartsshouldbeprovided
with exactly thesameformat,in a separateblock of thesamenamebut prefacedby "$� . Thedefaultsfor
all imaginaryparameterswill bezero.

Onespecialcaseis the � parameter. Whentherealpartof � is givenin ��%���Í���þ	��& , theimaginary
partshouldbegivenin "#����%���Í���þ	��& , asabove. However, when ' �(' is determinedby theconditionsfor
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electroweaksymmetrybreaking,only thephase)�* is takenasaninput parameter. In this case,SLHA2
generalisestheentry ��"$��Í���þ,+ to containthecosineof thephase(asopposedto just -/. 021435��6 in SLHA1),
andwe furtherintroduceanew block "#����"#��Í���þ whoseentry + givesthesineof thephase,thatis:

à�á�â�ã�ä	��"#��Í���þ
+ : CPconserved: -/. 021735��6 .

CPviolated: 8:92-;) *=<?> ��@A' �(' .

à�á�â�ã�äB"$����"$��Í���þ
+ : CPconserved: n/a.

CPviolated: -C. 1D) *E<?F ��@A' �(' .
Notethat 8:92-4) * coincideswith -/. 021435��6 in theCP-conservingcases.

The new GIHKJ block L < ã�ÿ�×���"$% connectsthe particle codes(=mass-orderedbasis)with the
interactionbasisaccordingto thefollowing definition:

M2N
G NG2O <

PRQ SPRQÙP QT U;VXW5WZY�[X\5]_^`\5^`]< ã�ÿ�×���"#% ÒÞÓ
a M > b QSa M > b QÙa M F b QSa M F b QÙ

c (5.29)

In orderto translatebetweenL andotherconventions,thetree-level angle d maybeneeded.This
shouldbegivenin theSLHA1 output à�á�â�ã�ä	��á�Í�×�� :

à�á�â�ã�ä	��á�Í�×��
CPconserved: d ; precisedefinitionup to spectrumcalculator, seeSLHA1.
CP violated: dAe \f^`^ . Must be accompaniedby the matrix L , asdescribedabove, in the
block ã�ÿ�×���"$% .

2.2.5 NMSSM

Firstly, asdescribedabove, à�á�â�ã�ä	��â�������á shouldcontaintheswitch3 with value1, correspondingto
thechoiceof theNMSSMparticlecontent.

Secondly, for the parametersthat are also presentin the MSSM, we re-usethe corresponding
SLHA1 entries.That is, Øhg shouldbe given in ����"#��Í������ entry + and Ø�Ù � ÜXi Ø�Ù �kj canbegiven in the��%���Í���þ entries��� and ��� . l$mn1po shouldeitherbegivenin ��"#��Í���þ entry3 (default) or ��%���Í���þ entry25
(user-definedinputscale),asin SLHA1. If � shouldbedesirednon-zero,it canbegivenin ��%���Í���þ entry��& . ThecorrespondingsoftparameterØ�ÙT canbegivenin ��%���Í���þ entry ��+ , in theform Ø�ÙT @23X8:92-qoD-/. 1por6 ,
see[530].

Further, new entriesin à�á�â�ã�äs��%���Í���þ have beendefinedfor theNMSSM specificinput param-
eters,asfollows. As in theSLHA1, theseparametersareall givenat thecommonscaletvuxwny_z e , which
caneitherbeleft up to thespectrumcalculatoror givenexplicitly using ��%���Í���þ,{ (see[530]):

à�á�â�ã�ä	��%���Í���þ
Input parametersspecificto theNMSSM(i.e., in additionto theentriesdefinedin [530])
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| � :

. Superpotentialtrilinear Higgs L b Ù b S coupling.| � : � . Superpotentialcubic L coupling.| & : }�~ . Soft trilinear Higgs L b Ù b S coupling.| + : }�� . Soft cubic L coupling.|��

:
�� L�� . Vacuumexpectationvalueof thesinglet(scaledby


).|�|

: �$� . Superpotentiallinear L coupling.|��
: �$� . Soft linear L coupling.|��
: � Õ . SuperpotentialquadraticL coupling.|��
: � Õ . Soft quadraticL coupling.� { : Ø�Ù � . Soft singletmasssquared.

Important note: only 12 of the parameterslisted in eq. (5.19)shouldbe given asinput at any
one time (including explicit zeroesfor parametersdesired“switched off ”), the remainingonesbeing
determinedby theminimisationof theeffective potential.Whichcombinationsto acceptis left up to the
individualspectrumcalculatorprograms.Alternatively, for minimalmodels,6 parametersof thoselisted
in eq.(5.20)shouldbegiven.

In thespectrumoutput,runningNMSSM parameterscorrespondingto the ��%���Í���þ entriesabove
canbegivenin theblock ����������þ����,��
������ :
à�á�â�ã�ä	����������þ����	��
������
Outputparametersspecificto theNMSSM,given in the ��� scheme,at thescale� . As in theSLHA1,
severalof theseblocksmaybegivensimultaneouslyin theoutput,eachthencorrespondingto aspecific
scale,but at leastoneshouldalwaysbepresent.Seecorrespondingentriesin ��%���Í���þ above for defini-
tions.

� :
 3X�D6 ��� .

� : � 3X�D6 ��� .

& : }�~�3X�D6 ��� .

+ : } � 3X�D6 ��� .�
:
�� L���3X��6 ��� .|

: �$�k3X�D6 ��� .�
: �$��3X��6 ��� .�
: � Õ 3X�D6 ��� .�
: � Õ 3X�D6 ��� .

�${ : Ø�Ù � 3X��6 ��� .

Thenew G�H�G block L < ����×���"#% connectstheparticlecodes(=mass-orderedbasis)for theCP-
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evenHiggsbosonswith theinteractionbasisaccordingto thefollowing definition:

M2N
G NJ N <

P Q SPRQÙP QT U;VXW5WZY�[X\5]_^`\5^`]< ����×���"#% ÒÞÓ
a M > b QSa M > b QÙa M > L

c (5.30)

Thenew
M H�G block L < ��������"#% connectstheparticlecodes(=mass-orderedbasis)for theCP-odd

Higgsbosonswith theinteractionbasisaccordingto thefollowing definition:

G2OJAO < } Q S} QÙ U;VXWfWXY�[X\5]n^�\f^`]< ��������"$% ÒÞÓ
a M Fpb QSa M Fpb QÙa M F L

c (5.31)

Finally, the new
N H N block ��������"#% gives the neutralinomixing matrix, with the fifth mass

eigenstatelabelled �${�{�{�{�+ � andthefifth interactioneigenstatebeingthesinglino, �� .
3 ���A���4�� ¢¡¤£¦¥�§�¨�©�ªA«k£¬��§�¨�©�ªA« and ��A��«4®¢¥4¯2°
3.1 ��±���²�³�´$µ
TheFortrancode��±���²�³�´$µ calculatesthesupersymmetricandHiggsparticlespectrumin theMSSM. It
dealswith the“phenomenologicalMSSM” with 22freeparametersdefinedeitherata low or highenergy
scale,with the possibility of renormalizationgroupevolution (RGE) to arbritaryscales,andwith con-
strainedmodelswith universalboundaryconditionsat high scales.Thesearetheminimal supergravity
(mSUGRA),the anomalymediatedSUSY breaking(AMSB) andthe gaugemediatedSUSY breaking
(GMSB) models.Thebasicassumptionsof themostgeneralpossibleMSSM scenarioare(a) minimal
gaugegroup,(b) minimal particlecontent,(c) minimal Yukawa interactionsandR-parityconservation,
(d) minimal setof soft SUSYbreakingterms. Furthermore,(i) all soft SUSYbreakingparametersare
real (no CP-violation);(ii) the matricesfor sfermionmassesandtrilinear couplingsarediagonal;(iii)
first andsecondsfermiongenerationuniversality is assumed.Hereand in the following we refer the
readerfor moredetailsto theuser’s manual[538] .

As for the calculationof the SUSY particlespectrumin constrainedMSSMs,in additionto the
choiceof the input parameters,thegeneralalgorithmcontainsthreemainsteps.Theseare(i) theRGE
of parametersbackandforth betweenthelow energy scales,suchas t g andtheelectroweaksymmetry
breaking(EWSB)scale,andthehigh-energy scalecharacteristicfor thevariousmodels;(ii) theconsis-
tentimplementationof (radiative)EWSB;(iii) thecalculationof thepolemassesof theHiggsbosonsand
theSUSYparticles,including themixing betweenthecurrenteigenstatesandtheradiative corrections
whenthey areimportant. Heretheprogrammainly follows thecontentandnotationsof [539], andfor
theleadingtwo-loopcorrectionsto theHiggsmassestheresultssummrizedin [540] aretaken.

The necessaryfiles for the use in ��±���²�³�´#µ are the input file ¶#±�¶#²�³�´#µ����$·$¸ , the main routine¶$±�¶$²�³�´$µ����Z¹ , the routine µ�º�»�¼�»�»�²�½�·$¾�¾�¶��X¹ , which calculatestheHiggs masses,aswell as ¿�¶#¾��X¹ for
the calculationof the À�Á �ÃÂ branchingratio. The latter is neededin order to checkif the results
arein agreementwith the experimentalmeasurments.In the input file onecanselectthe modelto be
investigated,theaccuracy of thealgorithmandtheinputdata(StandardModelfermionmassesandgauge
couplings).At eachrun ��±���²�³�´$µ generatestwo outputfiles: oneeasyto read, ¶$±�¶$²�³�´$µ����X»�±�µ , andthe
otherin theSLHA format[530].

3.2 ×�����ã���Ä
TheFortrancode×�����ã���Ä [541] calculatesthedecaywidthsandbranchingratiosof theStandardModel
Higgs boson,and of the neutraland charged Higgs particlesof the MSSM accordingto the current
theoreticalknowledge(for reviews seerefs.[112,542–544]). It includes:
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- All kinematicallyallowed decaychannelswith branchingratioslarger than Å2Æ
Y�Ç

; apartfrom the
2-bodydecaysalsotheloop-mediated,themostimportant3-bodydecaymodes,andin theMSSM
thecascadeandSUSYdecaychannels.

- All relevant higher-orderQCD correctionsto the decaysinto quarkpairsandto the quark loop
mediateddecaysinto gluonsareincorporated.

- Doubleoff-shell decaysof the CP-even Higgs bosonsinto massive gaugebosons,subsequently
decayinginto four masslessfermions.

- All important3–bodydecays:with off-shell heavy top quarks;with oneoff-shell gaugebosonas
well asheavy neutralHiggsdecayswith oneoff-shellHiggsboson.

- In theMSSMthecompleteradiativecorrectionsin theeffectivepotentialapproachwith full mixing
in thestopandsbottomsectors;it usestheRGimprovedvaluesof theHiggsmassesandcouplings,
therelevantNLO correctionsareimplemented[545,546].

- In theMSSM,all decaysinto SUSYparticleswhenkinematicallyallowed.
- In theMSSM,all SUSYparticlesareincludedin theloop mediatedÂAÂ andÈÉÈ decaychannels.In

thegluonicdecaymodesthelargeQCD correctionsfor quarkandsquarkloopsarealsoincluded.

×�����ã���Ä hasrecentlyundergoneamajorupgrade.Wehave implementedtheSLHA format,sothat
theprogramcannow readin any inputfile in theSLHA formatandalsogiveout theHiggsdecaywidths
andbranchingratiosin this accord.So,theprogramcannow beeasilylinkedto any spectrumor decay
calculator. Two remarksarein order:

1) ×�����ã���Ä calculatesthehigherordercorrectionsto theHiggsbosondecaysin theMS schemewhereas
all scaledependentparametersreadin from an SLHA input file provided by a spectrumcalculatorare
givenin theDR scheme.Therefore,×�����ã���Ä translatestheinput parametersfrom theSLHA file into the
MS schemewhereneeded.

2) TheSLHA parameterinput file only includestheMSSM Higgsbosonmassvalues,but not theHiggs
self-interactions,whichareneededin ×�����ã���Ä . For thetimebeing,×�����ã���Ä calculatesthemissinginterac-
tionsinternallywithin theeffective potentialapproach.This is not completelyconsistentwith thevalues
for theHiggsmasses,sincethespectrumcalculatordoesnotnecessarilydo it with thesamemethodand
level of accuracy as ×�����ã���Ä . Thedifferenceis of higherorder, though.

3.3 ������ã���Ä
The Fortrancode ������ã���Ä [547], which hasimplementedthe MSSM in the sameway asit is donein��±���²�³�´$µ , calculatesthedecaywidthsandbranchingratiosof all SUSYparticlesin theMSSM,including
themostimportanthigherordereffects[548–550]:

– Theusual2-bodydecaysfor sfermionsandgauginosarecalculatedat treelevel.
– A uniquefeatureis thepossibilityof calculatingtheSUSY-QCDcorrectionsto thedecaysinvolv-

ing colouredparticles.They canamountupto severaltensof per-centsin somecases.Thebulk of
theEW correctionshasbeenaccountedfor by takingrunningparameterswhereappropriate.

– In GMSB modelsthe 2-body decaysinto the lightest SUSY particle, the gravitino, have been
implemented.

– If the2-bodydecaysareclosed,multibodydecayswill bedominant.������ã���Ä calculatesthe3-body
decaysof thegauginos,thegluino, thestopsandsbottoms.

– Moreover, loop-induceddecaysof the lighteststop,thenext-to-lightestneutralinoandthegluino
areincluded.

– If the3-bodydecaysarekinematicallyforbidden,4-bodydecaysof thelighteststopcancompete
with theloop-induced�Ê S decayandhave thereforebeenimplemented.

– Finally, thetopdecayswithin theMSSM have beenprogrammed.

Recently, ������ã���Ä hasbeenupdatedwith somemajor changesbeing (other changesrelatedto������Ä�Ë�×�"#� arelistedbelow): Ì ) For reasonsof shorteningtheoutputfile, only non-zerobranchingratios

142



arewrittenout in thenew version.Ì�ÌÍ6 Wehavecreatedcommonblocksfor thebranchingratiosandtotal
widthsof thevariousSUSYparticles.

3.4 ������Ä�Ë�×�"$�
Thepreviousthreeprogramshave beenlinkedtogetherin a programcalled ������Ä�Ë�×�"$� [551]. Including
higherordereffectsin thecalculations,thepackageallows theconsistentcalculationof MSSM particle
decayswith thepresentlyhighestlevel of precision.Thefollowing filesareneededto run ������Ä�Ë�×�"$� :
Spectrumfiles: The spectrumcan either be taken from any input file in the SLHA format or from��±���²�³�´$µ . In thefirstcase,������Ä�Ë�×�"#� needsanSLHA inputfile whichhastobenamed¶#¼�½�Î�¶$²�³�´#µ�Ï�±�Ð��#·$¸ .
In thelattercase,weneedthenecessary��±���²�³�´#µ routines: ¶#±�¶$²�³�´#µ����#·$¸ , ¶$±�¶$²�³�´$µ����Z¹ , µ�º�»�¼�»�»�²�½�·#¾�¾�¶��X¹
and ¿�¶$¾��Z¹ .

Decayfiles: ������ã���Ä is themainprogramandnow readsin ¶#±�¶#Ñ�½�·#µ��#·$¸ andcalls ×�����ã���Ä which is now
asubroutineand,in orderto keepthepackageassmallaspossible,only oneroutinecalculatingtheHiggs
bosonmassesandHiggsself-couplingshasbeenretainedin ×�����ã���Ä to extracttheHiggsself-interaction
strengthsnot providedby thespectrumcalculators;also, ×�����ã���Ä doesnot createany outputfile within
thepackage.������ã���Ä passesthenecessaryparametersfrom ¶$±�¶$Ñ�½�·$µ��$·$¸ to ×�����ã���Ä via anewly created
commonblock called ������Ä�×�"$��"#� . As before,it calls ��±���²�³�´#µ in casethespectrumis takenfrom there.
TheSLHA parameterandspectruminputfile ¶#¼�½�Î�¶$²�³�´$µ�Ï�±�Ð��$·#¸ is readin by both ×�����ã���Ä and������ã���Ä .
Theoutputfile createdby ������ã���Ä at eachrun is called ¶$±�¶$Ñ�½�·$µ ¶#¼�½�Î��X»�±�µ if it is in theSLHA format
or simply ¶#±�¶$Ñ�½�·#µ��X»�±�µ if it is in anoutputformateasyto read.

Input file: The ×�����ã���Ä and ������ã���Ä input files have beenmergedinto oneinput file ¶$±�¶$Ñ�½�·$µ��$·$¸ . Here,
first of all theusercanchooseamongtwo ������Ä�Ë�×�"$� relatedoptions:

1. Thethreeprograms��±���²�³�´$µ , ×�����ã���Ä , ������ã���Ä arelinkedandhence��±���²�³�´$µ providesthespectrum
andthesoftSUSYbreakingparametersat theEWSBscale.

2. Thetwo programs×�����ã���Ä and ������ã���Ä arelinked. Thenecessaryinput parametersaretakenfrom a
file in theSLHA formatprovidedby any spectrumcalculator.

Furthermore,variousoptionsfor runningthe ������ã���Ä programcanbechosen,suchaswhetheror not to
includeQCD correctionsto 2-bodydecays,the multibody and/orloop decays,the GMSB decaysand
the top decays.The scaleandnumberof loopsof the runningcouplingscanbe fixed. Finally, some
parametersrelatedto ×�����ã���Ä canbeset,like thecharmandstrangequarkmasses,the Ò i

Ó
totalwidths,

someCKM matrixelementsetc.All othernecessaryparametersarereadin from the ¶#¼�½�Î�¶$²�³�´$µ�Ï�±�Ð��$·#¸
input file.

Changesandhow thepackageworks: ��±���²�³�´$µ , Ô�����ã���Ä and ������ã���Ä arelinked via the SLHA format.
Therefore,thenameof theoutputfile provided by ��±���²�³�´$µ hasto bethesameastheSLHA input file
readin by Ô�����ã���Ä and ������ã���Ä . Wecalledit ¶$¼�½�Î�¶#²�³�´#µ�Ï�±�Ð��#·$¸ . This is oneof thechangesmadein the
programswith respectto theiroriginalversion.Furthermajorchangeshavebeenmade.For thecomplete
list of changespleasereferto thewebpagegivenbelow.

Webpage:Wehave createdawebpageat thefollowing url address:½�µ�µ�²�ÕZÖ�Ö�¼�Î�²�²�º�³�¿��#·$¸���²�&��X¹�ÏRÖq× Ð�±�³�½�¼R¼�³�·#µ�¸�³�Ï�Ö������RÄ�Ë�Ô�"#��Ö
Therethe usercandownload all files necessaryfor the programpackageas well as a Ð�Î�Ø�³�¹�·#¼�³ for
compilingtheprograms.Weusethenewestversionsof thevariousprogramswhichwill beupdatedreg-
ularly. Shortinstructionsaregivenhow to usetheprograms.A file with updatesandchangesis provided.
Finally, someexamplesof outputfilesaregiven.

4 FeynHiggsÙ ³�Ñ�¸�Ô�·$¾�¾�¶ is a programfor computingHiggs-bosonmassesandrelatedobservablesin the (NMFV)
MSSMwith realor complex parameters.Theobservablescomprisemixing angles,branchingratios,and
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couplings,includingstate-of-the-arthigher-ordercontributions. Thecenterpieceis a Fortranlibrary for
usewith FortranandC/C++. Alternatively,

Ù ³�Ñ�¸�Ô�·$¾�¾�¶ hasa command-line,Mathematica,andWeb
interface.

Ù ³�Ñ�¸�Ô�·#¾�¾�¶ is availablefrom º�º�º��Z¹�³�Ñ�¸�½�·$¾�¾�¶��ZÚ�³ .Ù ³�Ñ�¸�Ô�·$¾�¾�¶ [330–332,552] is aFortrancodefor theevaluationof themasses,decaysandproduc-
tion processesof Higgsbosonsin the(NMFV) MSSMwith realor complex parameters.Thecalculation
of the higher-ordercorrectionsis basedon the Feynman-diagrammatic(FD) approach[332,553–555].
At the one-looplevel, it consistsof a completeevaluation, including the full momentumand phase
dependence,and as a further option the full OvHsO non-minimalflavor violation (NMFV) contribu-
tions[116,123]. At thetwo-looplevel all availablecorrectionsfrom therealMSSMhavebeenincluded.
They aresupplementedby theresummationof theleadingeffectsfrom the(scalar)À sectorincludingthe
full complex phasedependence.

In addition to the Higgs-bosonmasses,the programalsoprovides resultsfor the effective cou-
plingsandthewave functionnormalizationfactorsfor externalHiggsbosons[556], takinginto account
NMFV effectsfrom theHiggs-bosonself-energies.Besidesthecomputationof theHiggs-bosonmasses,
effective couplingsandwave functionnormalizationfactors,theprogramalsoevaluatesanestimatefor
thetheoryuncertaintiesof thesequantitiesdueto unknown higher-ordercorrections.

Furthermore
Ù ³�Ñ�¸�Ô�·$¾�¾�¶ containsthe evaluationof all relevant Higgs-bosondecaywidths1. In

particular, thefollowing quantitiesarecalculated:

– thetotalwidth for theneutralandchargedHiggsbosons,

– thebranchingratiosandeffective couplingsof thethreeneutralHiggsbosonsto

– SM fermions(seealsoRef. [557]),
PRÛ Á ÜÝ�Ý ,

– SM gaugebosons(possiblyoff-shell),
P Û Á ÂAÂ i

Ó�Ó�Þ
i ÒßÒ

Þ
i ÈÉÈ ,

– gaugeandHiggsbosons,
P Û Á Ó PRà

,
P Û Á PRà/P'ß

,

– scalarfermions,
P Û Á �Ý�á �Ý ,

– gauginos,
P Û Á �âkãß �âkäà ,

P Û Á �â Q å �â Q æ ,

– thebranchingratiosandeffective couplingsof thechargedHiggsbosonto

– SM fermions,b
Y
Á ÜÝ�Ýèç ,

– agaugeandHiggsboson,b
Y
Á P Û Ò

Y
,

– scalarfermions,b
Y
Á �Ý á �Ý ç ,

– gauginos,b
Y
Á �â

Yß �â Q å .
– the productioncrosssectionsof the neutralHiggs bosonsat the Tevatron and the LHC in the

approximationwherethe correspondingSM crosssectionis rescaledby the ratiosof the corre-
spondingpartialwidths in theMSSM andtheSM or by thewave functionnormalizationfactors
for externalHiggsbosons,seeRef. [558] for furtherdetails.

For comparisonswith theSM, thefollowing quantitiesarealsoevaluatedfor SM Higgsbosonswith the
samemassasthethreeneutralMSSMHiggsbosons:

– thetotaldecaywidth,

– thecouplingsandbranchingratiosof aSM Higgsbosonto SM fermions,

– thecouplingsandbranchingratiosof aSM Higgsbosonto SM gaugebosons(possiblyoff-shell).

– theproductioncrosssectionsat theTevatronandtheLHC [558].

Ù ³�Ñ�¸�Ô�·$¾�¾�¶ furthermoreprovides resultsfor electroweak precisionobservablesthat give rise to con-
straintson theSUSYparameterspace(seeRef. [555] andreferencestherein):

1Theinclusionof flavor changingdecaysis work in progress.
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– the quantity é�ê up to the two-loop level that canbe usedto indicatedisfavored scalartop and
bottommasscombinations,

– anevaluationof tìë and -C. 1Aíïî ^`ð , wheretheSUSYcontributionsaretreatedin the é�ê approxi-
mation(seee.g.Ref.[555]), takinginto accountat theone-looplevel theeffectsof complex phases
in thescalartop/bottomsectoraswell asNMFV effects[116],

– the anomalousmagneticmomentof the muon, including a full one-loopcalculationas well as
leadingandsubleadingtwo-loopcorrections,

– theevaluationof ñk�(3XÀ�Á �ÃÂ 6 includingNMFV effects[123].

Finally,
Ù ³�Ñ�¸�Ô�·$¾�¾�¶ possessessomefurtherfeatures:

– Transformationof theinputparametersfrom the �(� to theon-shellscheme(for thescalartopand
bottomparameters),includingthefull ò�d�ó and ò�dqô�õ ö corrections.

– Processingof SUSYLesHouchesAccord(SLHA 2) data[530,559,560] includingthefull NMFV
structure.

Ù ³�Ñ�¸�Ô�·$¾�¾�¶ readstheoutputof a spectrumgeneratorfile andevaluatestheHiggsboson
masses,branchingratiosetc.Theresultsarewritten in theSLHA formatto anew outputfile.

– Predefinedinputfiles for theSPSbenchmarkscenarios[244] andtheLesHouchesbenchmarksfor
Higgsbosonsearchesathadroncolliders[322] areincluded.

– Detailedinformationaboutall thefeaturesof
Ù ³�Ñ�¸�Ô�·$¾�¾�¶ areprovidedin manpages.

Ù ³�Ñ�¸�Ô�·$¾�¾�¶ is availablefrom º�º�º��X¹�³�Ñ�¸�½�·#¾�¾�¶��XÚ�³ .

5 FchDecay

FCHDECAY is a computerprogramto computethe Flavor ChangingNeutral Current(FCNC) decay
branchingratios �ø÷ù3 P Á À � 6 and �ø÷ù3 P Á Êûú 6 in the flavor violating Minimal Supersymmetric
StandardModel (MSSM). The input/outputis performedin the SUSY Les HouchesAccord II (��á�Ô�� )
[166,530,561] convention(usinganextensionof SLHALib [559]). This programis basedon thework
andresultsof Refs.[102,103,105,124,310].

Theapproximationsusedin thecomputationare:

– The full one-loopSUSY-QCD contributionsto theFCNCpartial decaywidths üý3 P Á À � i Ê_ú 6 is
included;

– The Higgs sectorparameters(massesandCP-even mixing angle d ) have beentreatedusingthe
leadingþ ô andþhö�l$mn1 o approximationto theone-loopresult;

– TheHiggsbosonstotal decaywidths ü43 P Á ÿ 6 arecomputedat leadingorder, includingall the
relevantchannels;

– A LeadingOrdercomputationof �ø3XÀkÁ � Â 6 (for checkingtheparameterspace)is alsoincluded.

Thecodeimplementstheflavor violatingMSSM,it allowscompleteintergenerationalmixing in theLeft-
Left andRight-Rightsquarksector(but it doesnot allow for intergenerationalmixing in theLeft-Right
sector).

Theprogramincludesa(simplified)computationof theHiggsbosonmassesandtotaldecaywidths,and
it will write themto theoutputfile. However:

– If theinput file containstheHiggssectorparameters(massesandCP-evenmixing angle d ) it will
usethosevaluesinstead;

– If the input file containsHiggsbosondecaytables,it will just addtheFCNCdecaysto that table
(insteadof computingthefull table).
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Thissetupallowsto usethecomputationsof moresophisticatedprogramsfor theHiggsbosonparameters
and/ortotal decaywidths,andthenrun the

Ù ´$½���³�´#Î�Ñ programon theresultingoutputfile to obtainthe
FCNCpartialdecaywidths.

Theprogramis availablefrom thewebpage,½�µ�µ�²�ÕXÖ�Ö�¹�´#½�Ú�³�´$Î�Ñ��Z¾�»�»�¾�¼�³�²�Î�¾�³�¶��#´#»�Ð , andcomeswith
acompletemanual(detailingtheincludedphysicsmodels,andrunninginstructions).Theauthorscanbe
reachedat ¹�´$½�Ú�³�´#Î�Ñ � ¾�Ð�Î�·$¼��$´#»�Ð .

6 MSSM NMFV in FeynArts and FormCalc

6.1 ExtendedSquark Mixing

In thepresenceof non-minimalflavour violation (NMFV) the
M H M mixing of thesquarkwithin each

family is enlargedto a full O H O mixing amongall threegenerations,suchthatthemixedstatesare

�� Û < 3X÷���6 Û à ���� �ú � �Ê � �� � �ú � �Ê �
�à i (5.32)

�� Û < 3X÷�	R6 Û à �� � ��
� � À � �� � �� � � À �
�à c

Thematrices÷�� diagonalizethemassmatrices

t í� < t í�� õ � t í� � õ �3Xt í� � õ � 6
Þ t í�A� õ �

� é�� i (5.33)

t í��� õ ���� � õ �
<�� . mn0�3Xt í� õ ��� i t í� õ � j i t í� õ ��� 6 i

t í� � õ � <�� . mn0�35þ ��� ÿ ��� i þ � j ÿ � j i þ ��� ÿ ��� 6
where� <�� � i

���
, � � S i � í i �

T � <�� � i 8 i l
�

for theup-and �!� i - i
"#�

for thedown-squarkmassmatrixand

t í� õ �%$ < t í �& õ �
$ � þ í �%$ � 8:92- M oE3 ý �T(' �)� � í ë 65þ í g it í� õ �!$ < t í �* õ �!$ � þ í �!$ � 8:92- M o �)� � í ë þ í g it í� õ 	 $ < t í �+ õ 	 $ � þ í 	 $ � 8:92- M o �)	 � í ë þ í g iÿ-, � õ 	/. $ < }0, � õ 	1. $ ' � � 8:92lAo i l$mn1 o
� c (5.34)

Theactualdimensionlessinputquantities2 are

é�� <
3 í�� õ � 3 í� � õ �3 3 í� � õ � 6

Þ43 í�q� õ � 25� i (5.35)

3 í��6 õ �� õ 67� � õ �
< t � õ �8�t � õ � jt � õ � �

9 t 6 õ �8�t 6 õ � jt 6 õ � �
c

6.2 FeynArts Model File

Thenew modelfile
Ù ÿ����������XÐ�»�Ú generalizesthesquarkcouplingsin ���������XÐ�»�Ú to theNMFV case.It

containsthenew objects

������¹;: � � � ç � Ê5< thesquarkmixing matrix ÷ � õ 	
������¹;: � � Ê%< thesquarkmasses,

with � i �
ç < Å cûcûc O i Ê < G23 � 6 i JA3

� 6 c
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6.3 FormCalc Model Initialization

Theinitialization of ������¹ and ������¹ is alreadybuilt into FORMCALC’s Ð�»�Ú�³�¼�=�Ð�¶�¶$Ð�� Ù but needsto be
turnedon by definingapreprocessorflag in Ï�±�¸�� Ù :

ø>?A@CB�D?FEGXùHIJKALH�ë�IGXùM�ë
IAN
TheNMFV parameters352 ô 6 ó:óPO arerepresentedby the Ú�³�¼�µ�Î���¹ array:

Ú�»�±�¿�¼�³B´#»�Ð�²�¼�³�Q	Ú�³�¼�µ�Î���¹SR � � � ç � Ê1T
Since 2 is a Hermitianmatrix, only theentrieson andabove thediagonalneedto befilled. For conve-
nience,thefollowing abbreviationscanbeusedfor individual matrixelements:

Ú�³�¼�µ�Î�á�á�±�´ < 3525��6 S í Ú�³�¼�µ�Î�á�þ�±�´ < 3525��6 SVU
Ú�³�¼�µ�Î�þ�á�±�´�ã < 3525��6 í

Ç Ú�³�¼�µ�Î�þ�þ�±�´ < 3525��6 Ç U
Ú�³�¼�µ�Î�á�á�´$µ < 3525��6 í T Ú�³�¼�µ�Î�á�þ�´$µ < 3525��6 í5WÚ�³�¼�µ�Î�þ�á�´#µ�ã < 352 � 6 T U Ú�³�¼�µ�Î�þ�þ�´$µ < 352 � 6 U W
Ú�³�¼�µ�Î�á�á�±�µ < 3525��6 S T Ú�³�¼�µ�Î�á�þ�±�µ < 3525��6 S WÚ�³�¼�µ�Î�þ�á�±�µ�ã < 3525��6 T Ç Ú�³�¼�µ�Î�þ�þ�±�µ < 3525��6 Ç W

andanalogousentriesfor thedown sector.

Notethespecialtreatmentof the �)X elements:Onehasto providethecomplex conjugateof theelement.
Theoriginal liesbelow thediagonalandwouldbeignoredby theeigenvalueroutine.

Theoff-diagonaltrilinearcouplings} acquirenon-zeroentriesthroughtherelations

þY� õ Û 3X}��¢6 Û à < 3Xt í� 6 Û õ à Z T i Ì i û < Å cûcûc G c (5.36)

6.4 Summary

NMFV effects (see[123]) canbe computedwith FEYNARTS [108,328,329] and FORMCALC [109].
Thesepackagesprovide a high level of automationfor perturbative calculationsup to oneloop. Com-
paredto calculationswith theMFV MSSM,only threeminor changesarerequired:

– choosing
Ù ÿ����������XÐ�»�Ú insteadof ���������ZÐ�»�Ú ,

– setting
Ù á���ÿ�â���þ[=�ÿ�"�â�á�����"�â�� in Ï�±�¸�� Ù ,

– providing valuesfor the Ú�³�¼�µ�Î���¹ matrix.

Thesechangesarecontainedin FEYNARTS andFORMCALC, availablefrom www.feynarts.de.

7 SPheno

SPHENO is aprogramto calculatethespectrumof superymmetricmodels,thedecaysof supersymmetric
particlesandHiggsbosonsaswell astheproductioncrosssectionsof theseparticlesin \

Z
\
Y

annihilation.
Detailsof the algorithmusedfor the MSSM with real parametersandneglectingmixing betweenthe
(s)fermiongenerationscanbefoundin [336]. Thisversioncanbefoundanddownloadedfrom

]^^_#`baa B�@CBAc�ôedfêôb?Cg aCh%_iAjAi > ak ñ ] ?1D i ô ]A^Alm
In this contribution themodelextensionsregardingflavour aspectsaredescribed.In thecontext of the
MSSM themostgeneralflavour structureaswell asall CP-phasesareincludedin theRGErunningand
in the computationof SUSY massesat tree-level aswell asat theone-looplevel. In the Higgssector,
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thecompleteflavour structureis includedfor thecalculationof themassesat theone-looplevel. At the
2-loop level thereis still the approximationusedthat the 3rd generationdoesnot mix with the other
ones.With respectto CP-phases,the inducedmixing betweenscalarandpseudoscalarHiggsbosonsis
not yet taken into account.For thedecaysof supersymmetricparticlesandHiggsbosons,thecomplete
flavourstructureis takeninto accountat tree-level usingrunningcouplingsto take into accountthemost
importantloop corrections.A few examplesare

�â Q Û Á \ ã �� än i \ ã � ä �â Q à i Ü� �úpo i Ü� ú �â
Q à i Ü� À��â

Zß�q �ÈEÁ Ü� �úpo i Ü� ú �â
Q à i Ü� À��â

Zß�q (5.37)

b Z Á Ü À ú i �Ü À
S �ú n q b Q Á �\ ãn �r äS c (5.38)

Thecompletelist is givenin themanual.Also in thecaseof productionin \
Z
\
Y

annihilationall flavour-
off diagonalchannelsareavailable. Flavour and sut violating termsarealreadyconstrainedby several
experimentaldata. For thesereason,the following observablesarecalculatedtaking into accountall
parameters:anomalousmagneticandelectricdipolementsof leptons,themostimportantonesbeing v *
and

�/w
; the raredecaysof leptons: x¤Á x ç Â , x¤Á G!x ç ; raredecaysof the

Ó
-boson:

Ó Á xyx ç ; À�Á � Â ,ÀkÁ � � Z �
Y

, � ó õ 	ùÁ�� Z �
Y

, � ã� Á r ã{z , 2C3Xt 6�|e} ~ 6 and éùê .

This versionof SPHENO alsoincludesextendedSUSYmodels:(a) theNMSSM and(b) leptonnumber
violationandthusR-parityviolation. In bothmodelclassesthemassesarecalculatedat tree-level except
for theHiggssectorwhereradiativecorrectionsaretakeninto account.In bothcasesthecompleteflavour
structureis taken into accountin thecalculationof themasses,thedecaysof supersymmetricparticles
andHiggsbosonsaswell asin theproductionof theseparticlesin \

Z
\
Y

annihilation. The low energy
observablesarenot yet calculatedin thesemodelsbut the extensionof the correspondingroutinesto
includedthesemodelsis foreseenfor thenearfuture.

Concerninginput and output the currentversionof the SLHA2 accordis implementedas described
in [166]. The versiondescribedhereis currently underheavy testingand the write-up of the corre-
spondingmanualhas just started. As soonas the manualis in a useful stage,the programcan be
found on the web pagegiven above. In the meantimea copy canbe obtainedbe sendingan email to²�»�Ï�»�Ú � ²�½�Ñ�¶�·$Ø��X±�¸�·$Ë�º�±�³�Ï[��¿�±RÏ�¾��XÚR³ .

8 SOFTSUSY

SOFTSUSY [533] providesa SUSYspectrumin theMSSM consistentwith input low energy data,and
a usersuppliedhigh-energy constraint.It is written in C++ with an emphasison easygeneralisability.
It canproduceSUSYLesHouchesAccordcompliantoutput[530], andthereforelink to Monte-Carlos
(e.g.HERWIG [562]) or programsthatcalculatesparticledecayssuchasSDECAY [547]. SOFTSUSY can
beobtainedfrom URL

]^^_#`baa_jiA� ?Cc ^ g�ô ] ? _ @ iAjA� ?íô i1j�a g i @ ^ g
dCg%�
SOFTSUSY currently incorporates3 family mixing in the limit of CP conservation. The high-energy
constraintin SOFTSUSY uponthesupersymmetrybreakingtermsmaybecompletelynon-universal,i.e.
canhave3 by three-family mixing incorporatedwithin them.All of therenormalisationgroupequations
(RGEs)usedto evolve the MSSM betweenhigh-energy scalesand the weak scale t g have the full
three-family mixing effects incorporatedat oneloop in all MSSM parameters.Two-loop termsin the
RGEsareincludedin thedominantthird family approximationfor speedof computationandsomixing
is neglectedin thetwo-loop terms.Currently, thesmallerone-loopweak-scalethresholdcorrectionsto
sparticlemassesarealsocalculatedin thedominantthird-family Yukawa approximation,andsofamily
mixing is neglectedwithin them.

The usermay requestthat, at the weak scale,all of the quark mixing is incorporatedwithin a sym-
metricup quarkYukawa matrix 35� * 6 ç , or alternatively within a symmetricdown quarkYukawa matrix
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35� + 6 ç . Thesearethenrelated(via theSOFTSUSY conventions[533] for theLagrangian)to themass-basis
Yukawamatrices� * i � + via

35� * 6 ç <�� ������ 35� * 6 � ����� or 35� + 6 ç <�� ����� 35� + 6 � ������ i (5.39)

whereby default � ����� containstheCKM matrixin thestandardparameterisationwith centralempirical
valuesof theinputanglesexceptfor thecomplex phase,which is setto zero.Evenif onestartsatahigh-
energy scalewith acompletelyfamily-universalmodel(for example,mSUGRA),theoff-diagonalquark
Yukawamatricesinducesquarkmixing throughRGEeffects.

The secondSUSY Les HouchesAccord (SLHA2) is expectedto be completedthis summer. Oncea
definitive versionof theSLHA2 is available,its flavour mixing aspectswill beincorporatedinto SOFT-
SUSY, allowing input andoutputof flavour mixing parametersin acommonformatto otherprograms.

9 CalcHep for beyond Standard Model Physics

CALCHEP is a packagefor thecomputationof Feynmandiagramsat tree-level, integrationover multi-
particlephasespace,andpartoniclevel eventgeneration.Themainideaof CALCHEP is to makepublicly
availablethepassingonfrom Lagrangiansto final distributions.This is doneeffectively with ahighlevel
of automation. CALCHEP is a menu-driven systemwith help facilities, but it also can be usedin a
non-interactive batchmode.

In principle,CALCHEP is restrictedby treelevel calculationsbut thereit canbeappliedto any modelof
particleinteraction. CALCHEP is basedon thesymboliccalculationof squareddiagrams.To perform
sucha calculationit containsa built-in symboliccalculator. Calculateddiagramsaretransformedinto a
C-codefor furthernumericalevaluations.Becauseof the factorial increaseof thenumberof diagrams
with thenumberof externallegs,CALCHEP is restrictedto

M!'�� J processes.

The Implementationof new modelsfor CALCHEP is rathersimpleandcanbe donewith help of the
LANHEP package.Currently, therearepublicly availablerealizationsof the StandardModel, MSSM,
NMSSM, CPVMSSM,andLepto-quarkmodel. Also thereareprivate realizationsof modelswith ex-
tra dimensionsandthe Little Higgs model. Modelswith flavour violation canalsobe implementedin
CALCHEP.

WWW destination:

]^^_�`eaa^] ? ij �êô
gB
D _ ô l g
dêô j d aCh�_ d� ]i f a c%� m c ] ? _ ô ]^lAm
Thebasicreferencesfor COMPHEP canbefoundin [291,430].

10 ¥��C�C�
TheMonteCarloprogramÔ���Ñ�� allowsto studyheavy neutrinoproductionprocessesathadroncolliders.
It canbedownloadedfrom

]^^A_#`eaa�A�� ô ^i ô�B�DA@ADêô
B ^1aCh
_ B ^A^ �1d a ù1G£ñA�£òANAL� k� ô ^ � j ô ��
or

]^^A_#`eaalAml ô ]iAl ?êô
c
? j Dêô%c ]AaAlaAlm1la�1��Aa � mA_� ?D a
andit is basedon the �[�[������� package[306], from which inherits the main featuresandthe interface
facilities.

Thecodeallows to studythe following threeprocesses,wherea heavy Neutrino
3

(of Dirac or
Majorananature)is producedin associationwith achargedlepton

149



1) ���(–) Á�� S 3 Á�� S � í Ò Á�� S � í Ý ÜÝ ç ;
2) ���(–) Á�� S 3 Á�� S z8  j Ó Á�� S z8  j Ý ÜÝ ;

3) ���(–) Á�� S 3 Á�� S z8  j b Á�� S z8  j Ý ÜÝ .

The full
M Á J matrix elementfor thecompletedecaychainis implemented,so that spincorrelations

andfinite width effectsarecorrectlytakeninto account.Theonly relevantsubprocessis

� Ü� ç Á Ò¢¡�Á�� S 3 i (5.40)

followedby thefull decaychain.TheappropriateLagrangiancanbefoundin [450].

Theabove threeprocessesareselectedby settingan input variable( ·#¸�Ú�³�´ ) to 1, 2 or 3, respec-
tively. Theflavour of theoutgoingleptons,not comingfrom thebosondecay, is controlledby 2 other
variables ·#¼�� and ·#¼�� (the values1, 2, 3 correspondto the fist, secondandthird lepton family). In
addition,the variable ·$¼�¸�� shouldbe set to 0 (1) if a leptonnumberconserving(violating) processis
considered.Furthermorethe variable ·$Ð�Î shouldbe given thevalue0 (1) in caseof Dirac (Majorana)
heavy neutrinos.

When ·#¸�Ú�³�´$
B� and ·$Ð�»�Ú�³�
	{��#� the Ò decaysinto \ and z w . Other decayoptionscan be
implementedat theunweightingstageaccordingto thefollowing options

� < \ Üz w i� < � Üz * i& < r Üz8£ i+ < x Üz å 35x < \ i � i r 6 i� < � Ü� ç i| < ¤¥�#¦§¦ ¨ . 148 ¦ � -/. ©!ª c
When ·#¸�Ú�³�´$
,� thedecaymodeof the

Ó
bosonshouldbeselectedat theeventgenerationlevel

by settingthevariable ·$Ú�¹ to thefollowing values

{ «   z8  Üz8  i
� «   �

Y
�
Z
i

� « � Ü� mn1 � ú Üú i& « � Ü� mn1 � � Ü� i+ « À Ü À i��� « \
Y
\
Z
i�$& « �

Y
� Z i� � « r Y r Z c

When ·#¸�Ú�³�´$
	& the following decaymodesof the b bosoncanbe selected,at the generation
level, by settingthevariable ·#Ú�¹ accordingto thefollowing scheme

� « r Y r Z i� « ú Üú i+ « À Ü À c
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11 Pythia for Flavour Physicsat the LHC

PYTHIA [410] is a general-purposeeventgeneratorfor hadroniceventsin \
Z
\
Y

, \ P , and
PAP

collisions
(where

P
is any hadronor photon).Thecurrentversionis alwaysavailablefrom thePYTHIA webpage,

wherealsoupdatenotesanda numberof usefulexamplemainprogramscanbefound. For recentbrief
overviewsrelatingto SM,BSM, andHiggsphysics,see[563], [564], and[565], respectively. For flavour
physicsat theLHC, themostrelevantprocessesin PYTHIA canbecategorisedasfollows:

– SUSYwith trilinear ÷ -parity violation [532,534]:
PYTHIA includesall massive tree-level matrix elements[531] for 2-bodysfermiondecaysand3-
body gaugino/higgsinodecays.(Note: RPV productioncrosssectionsarenot included.) Also,
the Lund string fragmentationmodelhasbeenextendedto handleantisymmetriccolour topolo-
gies [534], allowing a more correct treatmentof baryonnumberflow when baryonnumberis
violated.

– OtherBSM:
Productionanddecay/hadronizationof 1) ChargedHiggs in 2HDM andSUSYmodelsvia Ü�ÃÈKÁÜ� ç b

Z
, ÈRÈq@!��KÁ ÜÊ À b Z

, � Ü� Á b Z b
Y

(including the possibility of a
Ó ç

contribution with full
interference),� Ü�IÁ b ã PRQ @ b ã b Q , and

Ê Á À b Z
, 2) a Ò ç (without interferencewith the SMÒ ), 3) a horizontal(FCNC) gaugeboson ÷ Q couplingbetweengenerations,e.g. � Ü� Á ÷ Q Á�

Y
\
Z

, 4) Leptoquarks¬ & via � È Á�!¬ & and ÈÉÈq@!� Ü�hÁ ¬ & Ü¬ & . 5) compositeness(e.g. � Þ ), 6)
doublychargedHiggsbosonsfrom L-R symmetry, 7) warpedextradimensions,and8) astrawman
technicolormodel.See[410], Sections8.5-8.7for details.

– Openheavy-flavour production(
ú i À i Ê i À

ç
i Ê
ç
):

Massive matrix elementsfor QCD
M Á M

andresonant
Ó @2Ò (and

Ó ç @2Ò ç ) heavy flavour produc-
tion. Also includesflavourexcitationandgluonsplittingtomassivequarksin theshowerevolution,
see[566].

– Closedheavy-flavour production( ®�@ ¯ , ° , â{± õ ö ):
PYTHIA includesasubstantialnumberof coloursingletand(morerecently)NRQCDcolouroctet
mechanisms.For details,see[410], Section8.2.3.

– Hadrondecays:
A largenumberof

ú
and À hadron(including-onia)decaysareimplemented.In bothcases,most

channelsfor whichexclusivebranchingfractionsareknown areexplicitly listed.For theremaining
channels,eithereducatedguessesor a fragmentation-like processdeterminestheflavourcomposi-
tion of thedecayproducts.With few exceptions,hadronicdecaysarethendistributedaccordingto
phasespace,while semileptoniconesincoporateasimple � ' } structurein thelimit of massless
decayprocucts.See[410], Section13.3for moredetails.

Additional user-definedproductionprocessescan be interfacedvia the routines ����"#��"$� and ������ÿ����
(see[410], Section9.9), usingthe commonLes Houchesstandard[529]. Flavour violating resonance
decayscanalsobe introducedad hocvia theroutine ��Ä��[��Ô�� , usingSUSYLesHouchesAccorddecay
tables[530].

12 Sherpa for Flavour Physics

SHERPA [567] is amulti-purposeMonteCarloeventgeneratorthatcansimulatehighenergeticcollisions
at leptonandhadroncolliders. SHERPA is publicly availableandthe sourcecode,potentialbug-fixes,
documentationmaterialandalsoaSherparelatedWIKI canbefoundunder:

]^^_#`baa��� ô�g ] ? jA_ �A² l c�ôb>A?
The ingredientsof SHERPA especiallyrelevant for flavour physicsat theLHC arethe matrix elements
for correspondinghardproductionprocessesandthehadronizationanddecayof flavoursproduced:
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– The matrix elementsfor the hardproductionanddecayprocesseswithin SHERPA aredelivered
by its built-in matrix elementgeneratorAMEGIC++ [568]. At present,AMEGIC++ providestree-
level matrix elementswith up-to ten final stateparticlesin the framework of the SM [569], the
THDM, theMSSM [570] andtheADD model[571]. In general,theprogramallows all coupling
constantsto becomplex.
TheStandardModelinteractionsimplementedallow for thefull CKM mixing of quarkgenerations
including the complex phase.The implementedsetof Feynmanrulesfor the MSSM [572,573]
alsoconsidersCKM mixing in thesupersymmetrizedversionsof theSM weakinteractions,and
theinteractionswith chargedHiggsbosons.A priori, AMEGIC++ allows for a fully generalinter-
generationalmixing of squarks,sleptonsand sneutrinos,thereforeallowing for variousflavour
changinginteractions. However, the MSSM input parametersbeingobtainedfrom the SLHA-
conform files [530], only the mixing of the third generationscalarfermions is consideredper
default. An extensionof the SLHA inputs is straightforward andshouldalsoallow to consider
complex mixing parameters.The implementationof bilinear R-parity violating supersymmetric
interactions,triggeringflavour violationeffectsaswell, hascurrentlybeingstarted.
Within Sherpathe multi-leg matrix elementsof AMEGIC++ are attachedwith the APACIC++
initial- and final-statepartonshowers [574] accordingto the merging algorithm of [575–578].
This procedureallows for the incorporationof partonshowering and,ultimately, hadronization
andhadrondecaymodels,independentof theenergy scaleof thehardprocess.

– Hadronizationwithin SHERPA is performedthroughan interfaceto PYTHIA ’s string fragmenta-
tion [579], the emerging unstablehadronscanthenbe treatedby Sherpa’s built-in hadrondecay
moduleHADRONS++. Thecurrentrelease,SHERPA-1.0.9, includesanearlydevelopmentstage,
which alreadyfeaturescompleter -leptondecays,whereasthe versioncurrentlyunderdevelop-
mentincludesdecaytablesof approximately100particles.Many of their decaychannels,espe-
cially in theflavour-relevant ³ ,

�
and � decays,containmatrixelementsandform factormodels,

while the restaredecayedisotropicallyaccordingto phasespace.Throughouttheeventchainof
SHERPA spincorrelationsbetweensubsequentdecaysareincluded.A propertreatmentof neutral
mesonmixing phenomenais alsobeingimplemented.
Thestructureof SHERPA andits hadrondecaymoduleHADRONS++ allows for aneasyincorpo-
rationof additionalor customizeddecaymatrix elements.In addition,parameterslike branching
ratiosor form factorparametrizationscanbemodifiedby theuser.

Acknowledgments

This work has beensupportedby the EU under the MRTN-CT-2004-503369and MRTN-CT-2006-
035505network programmes.A. Bartl, K. Hohenwarter-Sodek,T. Kernreiter, andW. Majerottohave
beensupportedby the ’Fonds zur Förderungder wissenschaftlichenForschung’(FWF) of Austria,
project. No. P18959-N16,K. Hidakahasbeensupportedby RFBRgrantNo 07-02-00256.The work
of N. CastroandF. Velosohassupportedby Fundac¸ãoparaa Ciênciae Tecnologia(FCT) throughthe
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[ ½�³�²�Ë�²�½�Ö�{�+�{�&���� � ].

[117] G. Eilam,M. Frank,andI. Turan,hep-ph/0601253(2006).

[118] J.J.Liu, C. S.Li, L. L. Yang,andL. G. Jin,Nucl.Phys.B705(2005)3–32,[ ½�³�²�Ë�²�½�Ö�{�+�{�+�{ ��� ].

[119] M. J.Duncan,Nucl.Phys.B221(1983)285.

[120] M. J.Duncan,Phys.Rev. D31 (1985)1139.

[121] F. Gabbiani,E. Gabrielli,A. Masiero,andL. Silvestrini,Nucl.Phys.B477(1996)321–352,
[ ½�³�²�Ë�²�½�Ö ��| {�+�& ��� ].

[122] M. Misiak, S.Pokorski,andJ.Rosiek,Adv. Ser. Direct.High Energy Phys.15 (1998)795–828,
[ ½�³�²�Ë�²�½�Ö ��� {�&�+�+�� ].

[123] T. Hahn,W. Hollik, J. I. Illana,andS.Pẽnaranda,hep-ph/0512315(2005).
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[537] T. Sjöstrand,S.Mrenna,andP. Z. Skands,Î�Ï�%�·µ��ÕZ{ � �#{��Z& � ��{º:5½�³�²�Ë�²�½ < .

[538] A. Djouadi,J.-L.Kneur, andG. Moultaka,Comput.Phys.Commun.176(2007)426–455,
[ ½�³�²�Ë�²�½�Ö�{������$&�&�� ].

[539] D. M. Pierce,J.A. Bagger, K. T. Matchev, andR.-j. Zhang,Nucl.Phys.B491(1997)3–67,
[ ½�³�²�Ë�²�½�Ö ��| { | ����� ].

[540] B. C. Allanach,A. Djouadi,J.L. Kneur, W. Porod,andP. Slavich, JHEP09 (2004)044,
[ ½�³�²�Ë�²�½�Ö�{�+�{ | � |�| ].

[541] A. Djouadi,J.Kalinowski, andM. Spira,Comput.Phys.Commun.108(1998)56–74,
[ ½�³�²�Ë�²�½�Ö ��� {�+�+�+ � ].

[542] A. Djouadi, ½�³�²�Ë�²�½�Ö�{ � {�&�� � � .

[543] A. Djouadi, ½�³�²�Ë�²�½�Ö�{ � {�&�� � & .

[544] M. Gomez-Bocket.al., J. Phys.Conf. Ser. 18 (2005)74–135,[ ½�³�²�Ë�²�½�Ö�{ � { � { ��� ].

[545] M. S.Carena,J.R. Espinosa,M. Quiros,andC. E. M. Wagner, Phys.Lett.B355(1995)209–221,
[ ½�³�²�Ë�²�½�Ö ��� {�+�&�� | ].

[546] M. S.Carena,M. Quiros,andC. E. M. Wagner, Nucl.Phys.B461(1996)407–436,
[ ½�³�²�Ë�²�½�Ö ��� { � &�+�& ].

168



[547] M. Muhlleitner, A. Djouadi,andY. Mambrini,Comput.Phys.Commun.168(2005)46–70,
[ ½�³�²�Ë�²�½�Ö�{�&������ |�� ].

[548] C. Boehm,A. Djouadi,andY. Mambrini,Phys.Rev. D61 (2000)095006,[ ½�³�²�Ë�²�½�Ö ��� { � +�� � ].

[549] A. DjouadiandY. Mambrini,Phys.Rev. D63 (2001)115005,[ ½�³�²�Ë�²�½�Ö�{�{����$& | + ].

[550] A. Djouadi,Y. Mambrini,andM. Muhlleitner, Eur. Phys.J. C20 (2001)563–584,
[ ½�³�²�Ë�²�½�Ö�{��${�+���� � ].

[551] A. Djouadi,M. M. Muhlleitner, andM. Spira,ActaPhys.Polon.B38 (2007)635–644,
[ ½�³�²�Ë�²�½�Ö�{ | { � � � � ].

[552] G. Degrassi,S.Heinemeyer, W. Hollik, P. Slavich, andG. Weiglein,Eur. Phys.J. C28 (2003)
133–143,[ ½�³�²�Ë�²�½�Ö�{����#��{���{ ].

[553] S.Heinemeyer, W. Hollik, andG. Weiglein,Phys.Rev. D58 (1998)091701,[ ½�³�²�Ë�²�½�Ö ��� {�&�� ��� ].

[554] S.Heinemeyer, W. Hollik, andG. Weiglein,Phys.Lett.B440(1998)296–304,
[ ½�³�²�Ë�²�½�Ö ��� { � +���& ].

[555] S.Heinemeyer, W. Hollik, andG. Weiglein,Phys.Rept.425(2006)265–368,
[ ½�³�²�Ë�²�½�Ö�{�+��#�����#+ ].

[556] T. Hahn,S.Heinemeyer, andG. Weiglein,Nucl.Phys.B652(2003)229–258,
[ ½�³�²�Ë�²�½�Ö�{������$��{�+ ].

[557] S.Heinemeyer, W. Hollik, andG. Weiglein,Eur. Phys.J. C16 (2000)139–153,
[ ½�³�²�Ë�²�½�Ö�{�{�{�&�{���� ].

[558] T. Hahn,S.Heinemeyer, F. Maltoni, G. Weiglein,andS.Willenbrock, ½�³�²�Ë�²�½�Ö�{ | { � &�{ � .

[559] T. Hahn,½�³�²�Ë�²�½�Ö�{�+�{ � � � & .

[560] T. Hahn,½�³�²�Ë�²�½�Ö�{ | { � {�+ � .

[561] “Susyleshouchesaccordwebpage:.” ½�µ�µ�²�ÕZÖ�Ö�½�»�Ð�³��X¹�¸�Î�¼��X¾�»[��Ö�»4¶#Ø�Î�¸�Ú�¶#Ö�¶$¼�½�Î�Ö .

[562] G. Corcellaet.al., ½�³�²�Ë�²�½�Ö�{����${����$& .

[563] M. A. Dobbset.al., ½�³�²�Ë�²�½�Ö�{�+�{�&�{�+ � .

[564] P. Skandset.al.,. PresentedatLesHouchesWorkshopon PhysicsatTeV Colliders,Les
Houches,France,2-20May 2005.

[565] S.Heinemeyer et.al., ECONFC0508141(2005)ALCPG0214,[ ½�³�²�Ë�²�½�Ö�{ � ���$&�&�� ].

[566] E. Norrbin andT. Sjostrand,Eur. Phys.J. C17 (2000)137–161,[ ½�³�²�Ë�²�½�Ö�{�{�{ � ���#{ ].

[567] T. Gleisberg et.al., JHEP02 (2004)056,[ ½�³�²�Ë�²�½�Ö�{�&����$� | & ].

[568] F. Krauss,R. Kuhn,andG. Soff, JHEP02 (2002)044,[ ½�³�²�Ë�²�½�Ö�{��${ � {�& | ].

[569] T. Gleisberg, F. Krauss,C. G. Papadopoulos,A. Schaelicke,andS.Schumann,Eur. Phys.J. C34
(2004)173–180,[ ½�³�²�Ë�²�½�Ö�{�&����$� � & ].

[570] K. Hagiwaraet.al., Phys.Rev. D73 (2006)055005,[ ½�³�²�Ë�²�½�Ö�{ � �#��� | { ].

[571] T. Gleisberg et.al., JHEP09 (2003)001,[ ½�³�²�Ë�²�½�Ö�{�&�{ | � � � ].

[572] J.Rosiek,Phys.Rev. D41 (1990)3464.

[573] J.Rosiek,½�³�²�Ë�²�½�Ö ��� ���$� � { .

[574] F. Krauss,A. Schalicke,andG. Soff, Comput.Phys.Commun.174(2006)876–902,
[ ½�³�²�Ë�²�½�Ö�{ � {�&�{ ��� ].

[575] S.Catani,F. Krauss,R. Kuhn,andB. R. Webber, JHEP11 (2001)063,[ ½�³�²�Ë�²�½�Ö�{��#{ � ��&�� ].
[576] F. Krauss,JHEP08 (2002)015,[ ½�³�²�Ë�²�½�Ö�{���{ � � � & ].

[577] F. Krauss,A. Schalicke,S.Schumann,andG. Soff, Phys.Rev. D70 (2004)114009,
[ ½�³�²�Ë�²�½�Ö�{�+�{ � �${ | ].

[578] A. Schalicke andF. Krauss,JHEP07 (2005)018,[ ½�³�²�Ë�²�½�Ö�{ � {�&�� � � ].
[579] T. Sjostrand,L. Lonnblad,andS.Mrenna,½�³�²�Ë�²�½�Ö�{��#{ � � | + .

169


